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Abbr. Denotation  Abbr. Denotation 
a. dest. distilled water (lat.: aqua destillata)  MOPS 3-(N-morpholino)-propanesulfonic acid 
ANA anaplerosis  mRNA messenger RNA 
BCIP 5-Bromo-4-chloro-3-indolyl phosphate  MS/MS tandem mass spectrometry (triple quadrupole) 
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ESI electrospray ionization  PPP pentose phosphate pathway 
et al. and others (lat.: et allii)  QCC QConCat (quantitative concatemere) 
g gravity constant  RNA ribonucleic acid 
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His6 Six-fold histidine epitope  RT retention time 
HPLC high performance liquid chromatography  SDS sodium dodecyl sulfate 
IS internal standard  SRM selected reaction monitoring 
kbp kilo base pairs  TCA tricarboxylic acid  
kDa kilo Dalton  tween20 polysorbate 20 
L-Ara L-arabinose (inductor)  U units (enzyme activity) 
LC-MS HPLC coupled mass spectrometry  wt wild type 
MALDI matrix assisted laser desorption/ ionization  x fold 
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Symbol Denotation Dimension 
DO  dissolved oxygen [%] 
A peak area [counts] 
v14/15N peak area ratio [-] 
vpeptide relative peptide amount [-] 
cpeptide peptide concentration [nM] 
cPS total protein specific peptide concentration [nmol gt_protein
-1
] 
cBS biomass specific peptide concentration [nmol gCDW
-1
] 
cprotein biomass specific protein concentration [mg gCDW
-1
] 
MWprotein protein molecular weight  [g mol
-1
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 Amino acids: 
 
Symbol Abbreviation Amino acid  Symbol Abbreviation Amino acid 
A Ala alanine  M Met methionine 
C Cys cysteine  N Asn asparagine 
D Asp aspartic acid  P Pro proline 
E Glu glutamic acid  Q Gln glutamine 
F Phe phenylalanine  R Arg arginine 
G Gly glycine  S Ser serine 
H His histidine  T Thr threonine 
I Ile isoleucine  V Val valine 
K Lys lysine  W Try trypthophane 
L Leu leucine  Y Tyr tyrosine 
 
Proteins: 
 
Abbreviation Enzyme 
PFK phosphofructokinase 
FBA fructose bisphosphate aldolase 
PGK phosphoglycerate kinase 
PGM phosphoglycerate mutase 
ENO enolase 
PK pyruvate kinase 
PDHC E1 pyruvate dehydrogeanse decarboxylating subunit 
PEPCx phosphoenolepyruvate carboxylase 
PEPCk phosphoenolepyruvate carboxykinase 
PCx pyruvate carboxylase 
CS citrate synthase 
ACN aconitase 
ICD isocitrate dehydrogenase 
ODHC E1 2-oxoglutarate dehydrogenase decarboxylating subunit 
Fum fumarase 
MQO malate quinone oxidoreductase 
MDH malate dehydrogenase 
ICL isocitrate lyase 
MS malate synthase 
LDH lactate dehydrogenase 
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1 Abstract 
Corynebacterium glutamicum is a widely used host organism in white biotechnology and 
especially for the production of amino acids. Extensive studies that aimed for improving 
production strains have yielded an extensive data base for this organism. Consequently, 
C. glutamicum has already become a model organism for Gram positive bacteria, 
including the genus Mycobacterium. Current research aims for the systemic descriptions 
of such model organisms. Therefore, quantitative data are required for the key elements 
of life namely DNA, RNA, proteins, and metabolites. Based on these data, mathematical 
models are developed and validated to describe and predict the dynamic interactions of 
these different levels of cellular organization. 
For C. glutamicum, quantitative methods are well established for the measurement of 
mRNA, metabolite concentrations and carbon flux distributions. For proteins however, 
relatively few data are available. Most previous studies relied on semi-quantitative gel 
based methods, and the available data lack the precision required for systems biology. 
Only recently, mass spectrometry has been introduced for shot gun proteome analysis in 
C. glutamicum. The aim of the work presented here, was to establish a triple quadrupole-
based method for protein quantification of key metabolic enzymes in C. glutamicum. 
Using selected reaction monitoring and stable isotope labeling, a fast and reliable method 
for relative quantification of 20 enzymes was developed. Because it covers glycolysis, the 
tricarboxylic acid cycle, anaplerosis, and the glyoxylate shunt, quantification of these 
enzymes provides a comprehensive survey of the central carbon metabolism. The method 
has been extensively validated and provides biologically meaningful data in complex 
biological samples. Subsequently, protein dynamics were successfully investigated in the 
C. glutamicum wild type ATCC13032 under various cultivation conditions e.g. alternative 
carbon sources. Time-resolved protein synthesis patterns were detected in as yet 
unmatched resolution. 
Additionally, the method described here provides the necessary analytic base for absolute 
protein quantification. Thus, two QConCat protein standards were developed and purified 
in the course of this thesis. Initial tests have clearly demonstrated the potential of these 
standards for absolute quantification of peptides in complex samples and highlighted a 
challenge for intracellular protein quantification caused by sample preparation limits for 
sturdy soil bacteria. 
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2 Introduction 
In 2012, the world population reached approximately 7.06 billion people and kept on 
rising. This dense population consumes enormous amounts of natural resources. 
Especially fossil energy sources like coal, gas and oil are used to power economy all 
around the globe. These resources however are finite. The same holds true for 
agricultural areas and fresh water supplies. Thus, modern societies should move forward 
towards a sustainable economy, which is no longer based on the ruthless exploitation of 
natural resources. Numerous fields of science and technology will be necessary to 
achieve this aim. One of these will be biotechnology, which has already been applied 
since ancient times when yeasts were used for the production of bread, wine and beer. 
Since these days, biotechnological processes have been developed for the production of 
numerous goods. The product portfolio ranges from bulk chemicals produced in million 
tons per year to specialized products, which are used for analytical or medical 
applications. Moreover, the economic impact of biotechnology is raising steadily, and 
overall sales of bio-based products in Germany reached 2.6 billion € in 2011 (Ding et al., 
2012).  
In general, biotechnology can be divided into three main fields: Red, green and white 
biotechnology. Red biotechnology summarizes all medical efforts e.g. the production of 
drug substances and vaccines or the development of diagnostic procedures (Mosier & 
Ladisch, 2009). Green biotechnology describes modern developments in agricultural 
research. One example is the production of pathogen resistant crops by recombinant DNA 
technologies. Despite the potential of such approaches to improve human nutrition, the 
use of genetically modified organisms faces heavy resistance and controversial 
discussion in society (Persidis, 2000). White biotechnology finally comprises the so called 
industrial biotechnology for example bio-based production of raw materials for the 
chemical industry (Glazer & Nikaido, 2007). Recently, the term bioeconomy has become a 
political vision to combine the fields of biotechnology and create a value chain from the 
agricultural production of raw materials, e.g. sugars, all the way up to a final bio-based 
product like a biopolymer (BMBF, 2011). 
In order to create feasible and economic production processes, research in applied 
biotechnology aims for the development of tailor made production organisms, be it 
microorganisms, plants, or even animals (Linton, 1991). Especially in microbiology, there 
is a long history of screening for improved production strains e.g. for the penicillin 
producing fungi Penicillium chrysogenum (Weber et al., 2012). Together with basic 
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research, this has led to a broad knowledge about microbial cells. With the development 
of recombinant DNA technologies, a new quality of rational, knowledge driven strain 
development became possible. This metabolic engineering was used to introduce new 
metabolic pathways into a cell or modify existing ones with the aim of new or improved 
production characteristics (Alper & Stephanopoulos, 2009; Khosla & Keasling, 2003). 
The first complete bacterial genome sequences finally enabled a more systemic view at a 
living cell (Fleischmann et al., 1995). Following the dogma of molecular microbiology, 
additional high throughput technologies have been developed for the investigation of 
RNA, proteins and metabolites. These so called “omics” technologies can provide a 
detailed database of cellular mechanisms and regulations which enables the development 
of mathematical models to describe the inner dynamics of a cell. Such systemic 
approaches are called systems biology and require the common efforts of microbiologists, 
biochemists, engineers, mathematicians, and programmers (Westerhoff & Alberghina, 
2005). If successful, integrative modelling and simulation of all different levels of cellular 
organisation will provide a valuable tool for knowledge driven strain development. 
Development and validation of such models however requires reliable quantitative data 
from all the active elements and processes inside a cell, e.g. gene expression, protein 
synthesis and turnover, metabolic fluxes, and regulatory cascades. Consequently, there 
are on-going research projects to develop and improve analytical tools for quantitative 
intracellular measurements along all “omics” levels. This work is part of this on-going 
development and focuses on quantitative determination of proteins in C. glutamicum, a 
model organism for industrial biotechnology. 
2.1 Aim of this work 
A method for quantitative protein analysis for C. glutamicum should be developed in this 
work in order to provide reliable quantitative data on key enzymes of the central carbon 
metabolism. For this purpose, signature peptides of targeted enzymes had to be detected 
and quantitative assays of these peptides needed to be developed using a mass 
spectrometry based technique called selected reaction monitoring (SRM).  
If validated successfully, these quantitative measurements should be used for relative 
quantification of the targeted enzymes using stable isotope labelling. The dynamic 
regulation of protein amounts in response to changing carbon sources should be 
investigated this way. 
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Finally, the use of SRM for absolute protein quantification in C. glutamicum should have 
been evaluated. The resulting structure of this work is depicted in figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 2.1: Structured outline of the experimental work within this thesis. Method development for 
relative protein quantification was initiated by a screening for signature peptides of targeted metabolic 
enzymes in C. glutamicum. After successful development and validation, the method was applied for in depth 
analysis of protein responses towards changing substrate conditions in batch cultures. Furthermore, the 
development of QConCat protein standards for absolute quantification was initiated. 
 
Development of a relative protein 
quantification method for C. glutamicum 
 Peptide screening/ identification (5.1.1) 
 MS/MS parameter optimization (5.1.2) 
 Integration of scheduled SRM (5.1.3) 
 Stable isotope labelling strategy (5.1.4) 
Method validation (5.1.5) 
 Dilution series 
 Long term peptide stability 
 Protein quantification in PgltA variant  
strains 
Method application 
 Modulation of enzyme amounts by 
carbon source (5.2.1-5.2.7) 
 Protein dynamics during batch 
cultivations (5.2.8) 
 Protein dynamics after substrate 
change (5.2.9) 
Development of absolute             
quantitative standards 
 Synthesis and cloning of QConCat 
protein standards (5.3.1) 
 Expression and purification of 
QConCats (5.3.2) 
 Evaluation of QConCats for absolute 
protein quantification (5.3.3) 
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3 Theoretical Background 
3.1 C. glutamicum: Model organism and host for industrial 
biotechnology 
C. glutamicum is a Gram positive non-pathogenic bacterium. It was first described in 1958 
by Kinoshita et al. in a screening study for L-glutamate producing bacteria, isolated from 
soil sample contaminated with bird feces (Kinoshita et al., 1958). It can grow on various 
carbon sources including sugars, organic acids, fatty acids and alcohols. On solid media, 
C. glutamicum forms smooth colonies which can be slightly yellowish (Eggeling & Bott, 
2005). It belongs to the class of high G+C containing Actinobacteria and is closely related 
to the genus of human pathogenic Mycobacteria. Nevertheless, C. glutamicum is 
generally regarded as safe (GRAS) due to its prolonged use in industrial biotechnology for 
the production of amino acids (Eggeling & Bott, 2005). The type strain of C. glutamicum 
with the number ATCC13032T is biotin auxotrophic and under biotin limited condition 
secretes significant amounts of L-glutamate into the surrounding medium (Kinoshita et al., 
1975). This amino acid can be used as a flavoring agent to introduce the so called umami 
taste. In Japan, the desperate situation concerning human nutrition after world war II 
motivated the search for such flavoring enhancers and eventually led to the isolation of 
C. glutamicum (Eggeling & Bott, 2005). 
In our days, more than 2.2 million tons of L-glutamate (2009) and 1.5 million tons of 
L-lysine (2011) are produced with the help of C. glutamicum (Bott & Brocker, 2012). 
Glutamate is still mainly used as flavoring enhancer, while lysine is largely used for animal 
feedstock and, to a small proportion, for medical applications. Furthermore, C. glutamicum 
is used for the production of L-tryptophane and L-threonine (Ikeda et al., 1994; Ishida et 
al., 1993). Recently, novel applications were introduced including ethanol production, 
synthesis of monomer buildings blocks like succinate and even heterologous protein 
production (Inui et al., 2004; Litsanov et al., 2012a; Litsanov et al., 2012b; Rohe et al., 
2012; Teramoto et al., 2011; Wendisch et al., 2006). In the course of these developments, 
broad knowledge was gathered about the central carbon metabolism of C. glutamicum 
which provides the main precursors of the desired amino acid products. Cloning 
approaches and kinetic investigations were published for most enzymes of the main 
metabolic pathways, namely glycolysis, pentose phosphate pathway, tricarboxylic acid 
cycle, anaplerosis and the amino acid biosynthetic pathways (Eggeling & Bott, 2005). 
3  Theoretical Background 13 
Furthermore, the development of 13C tracer methods enabled the quantification of carbon 
fluxes within the metabolism (Bartek et al., 2011; Marx et al., 1996). Together, these 
methods allowed the identification of bottlenecks in the metabolic pathways leading 
towards desired products. Resolving such bottlenecks quickly became a common tool in 
metabolic engineering.  
In parallel, high throughput methods for DNA sequencing as well as mRNA and protein 
detection were adopted and applied for C. glutamicum (Huser et al., 2003; Ikeda & 
Nakagawa, 2003; Kalinowski et al., 2003). In sum, these continuous research efforts, 
mainly driven by the need for improved production strains, established C. glutamicum as a 
model organism for systems biology of Gram positive bacteria. This role is further 
supported by close similarities between C. glutamicum and the pathogenic Mycobacteria 
regarding genetics, metabolism and cell wall physiology (Bendt et al., 2003; Eggeling et 
al., 2008; Portevin et al., 2004; Seidel et al., 2007). 
3.2 Quantitative omics technologies and systems biology 
Emerging from the combined fields of physiology, molecular biology and mathematics, 
systems biology aims for investigation of the dynamic interactions between 
macromolecules and other small molecules in a cell which make up the entire systems 
properties (Westerhoff & Alberghina, 2005). As such it combines scientific principles from 
natural science as well as engineering. In contrast to reductive approaches, by which 
single genes, proteins or reactions have been studied in the past, systems biology is a 
holistic approach. As many elements of a complex biological system as possible are 
observed in parallel and in a quantitative manner (Westerhoff & Alberghina, 2005). These 
data are then integrated into mechanistic models in order to describe and predict 
properties of the system which arise from interactions of the individual elements. These 
models are often based on differential rate equations e.g. for metabolic networks. By 
definition, such models are always a simplification of the observed system, but they can 
become largely complex constructs especially at the level of whole genome models 
(Kjeldsen & Nielsen, 2009). Moreover, systems biology often includes an iterative cycle of 
model based hypothesis, experiments, model validation and adaption (Kholodenko et al., 
2005, figure 3.1). If applied successfully, systems biology promises solutions to current 
research questions in medicine, cellular biology and biotechnology, which cannot be 
answered by reductive approaches (Westerhoff & Alberghina, 2005).  
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Figure 3.1: The systems biology cycle of model, experiment and interpretation in the context of this 
targeted proteome study. A model is given e.g. as a stoichiometric network of the central carbon 
metabolism. As soon as the model can describe a given set of data, e.g. the reference metabolism on 
glucose, it can be used to generate new research questions. Any such hypothesis needs to be tested in 
appropriately designed experiments. Raw data from these experiments, e.g. growth characteristics and 
quantitative offline measurements, are processed into usable data including statistical analysis. These data 
finally allow for a biological interpretation concerning the initial research question. 
 
As already mentioned, systems biology relies on accurate quantitative data of all relevant 
elements of the system in focus. In fact, the development of high throughput DNA 
sequencing techniques enabled whole genome sequencing and initiated first systemic 
approaches in the beginning of functional genomics. However, the genome sequence of a 
living cell is a relatively static element, compared to other components like RNA or 
proteins, and hence cannot explain the complexity of life alone. The dynamic expression 
and regulation of genes, followed by equally complex mechanisms of interaction and 
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regulation on all the other levels of cellular organization, need to be taken into account. 
Consequently, quantitative technologies have been developed for RNA, proteins and 
metabolites as well. 
Messenger RNAs (mRNA) serve as the link between the rather static genome information 
and the dynamic cellular proteome. Thus, they are a frequent target of regulation and 
quantitative mRNA data can provide valuable insight into the physiological state of a cell. 
Hybridization of reversely transcribed and fluorescent cDNA with specific probe arrays on 
chips allows relative quantification of gene expression levels (Chetverin & Kramer, 1994). 
More elaborate techniques employ quantitative real time PCR (Willey et al., 1998), and 
recently, next generation sequencing has been introduced for mRNA quantification as well 
(Morozova et al., 2009). For C. glutamicum, these methods of transcriptomics have been 
applied in numerous studies regarding the physiological adaptation to e.g. pH stress, 
acetate metabolism or L-lysine production (Follmann et al., 2009; Hayashi et al., 2002; 
Kromer et al., 2004). 
Clearly, mRNA data can provide valuable insight into cellular regulation. For a more 
complete picture however, additional data are required on the resulting proteins and the 
metabolism they catalyze in their role as enzymes. High-throughput analysis of the 
proteome was first enabled by two dimensional gel electrophoresis (2D SDS PAGE, 
O'Farrell, 1975). Thereby, proteins are subsequently separated in a molecular matrix by 
their isoelectric point and size. This method was soon combined with matrix assisted laser 
desorption and ionization as well as time of flight mass spectrometry for protein spot 
identification. Together, these techniques allowed for a semi-quantitative analysis of 
cellular proteins and have been applied for C. glutamicum as well (Bendt et al., 2003; 
Schaffer et al., 2001). Soon, gel-free approaches using mass spectrometry coupled to 
liquid chromatography were published and proved to be far more powerful than 2D SDS 
PAGE referring to both proteome resolution and quantification accuracy (Lange et al., 
2008; Schmidt et al., 2011). A detailed overview of LC-MS applications for proteomics will 
be given in the next chapter. 
In parallel to proteomics, LC-MS technology is applied for quantitative metabolomics as 
well. Thus, intracellular metabolite concentrations are available, which serve as a valuable 
source of information to detect regulatory effects on the metabolic level (Buchholz et al., 
2002). Moreover, use of stable isotope labeling enabled the quantification of intracellular 
carbon flux distributions and finally enables debottlenecking in product related reaction 
pathways (Chance et al., 1983). 
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3.3 Mass spectrometry and quantitative proteomics 
Proteins fulfill multiple roles in the cell: They determine cell shape, power cell division and 
serve as transporters, regulatory elements, and metabolic enzymes. Thus, proteins are 
the link between the genetic world, metabolism and cellular physiology. As such they are 
a crucial target for quantitative observation in systems biology (Lange et al., 2008). All 
physical characteristics of a protein are determined by its amino acid sequence. With the 
polypeptides molecular weight, mass spectrometry uses just one single physical property, 
which however allows multiplex analysis of hundreds of protein or peptides at ones. 
In the late 19th century J.J. Thomson explained the effect of positive gas ions traveling 
through an electric field in a vacuum chamber, which had been described earlier by the 
German physicist Eugen Goldstein (Thomson, 1897). This work laid the foundation for 
modern mass spectrometry in which molecules are analyzed by their mass to charge ratio 
or m/z ratio. For biological research, mass spectrometry became a valuable tool due to 
the development of soft ionization methods and the coupling to chromatographic 
separation. 
For protein analysis, two soft ionization methods are widely used: Matrix assisted laser 
desorption and ionization (MALDI) as well as electrospray ionization (ESI). For MALDI 
ionization, proteins are immobilized in a polymer matrix. The matrix is destroyed by a laser 
beam and during this process electric charges are transferred to the analyte proteins or 
peptides which can then be detected in a time of flight mass analyzer (TOF). 
Consequently, MALDI-TOF mass spectrometry cannot be coupled directly to a liquid 
chromatography system. Therefore, MALDI-TOF is mainly used for the identification of 
proteins e.g. in semi-quantitative gel based proteome research (Karas et al., 1987). 
In contrast to MALDI, electrospray ionization requires no intermediate treatment of 
analytes and thus allows for a direct coupling of liquid chromatography and mass 
spectrometry (LC-MS). ESI is based on ionization of analyte molecules in a charged 
capillary and subsequent transfer of analyte ions to the gas phase by rapid solvent 
evaporation (Whitehouse et al., 1985). It was developed by John B. Fenn who was 
granted the Nobel Prize for chemistry in 1984 for his work. On the downside, most 
proteins are too big for a direct analysis by ESI-LC-MS.  
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Figure. 3.2: Schematic overview of a triple quadrupole/ linear ion trap mass analyzer (MS/MS/LIT) 
coupled to a high performance liquid chromatography system (HPLC) by an electrospray ionization 
interface (ESI). Analyte molecules are charged in a capillary to which a high voltage is applied. Solvent liquid 
is evaporated by a hot stream of dried gas (N2) and resulting analyte ions are separated and detected using 
quadrupole mass analyzers, collision induced fragmentation and an electron multiplier. Important voltages for 
peptide analysis are highlighted: DP, declustering potential; CE, collision energy; CXP, collision cell exit 
potential. 
Thus, proteolytic digestion, e.g. with trypsin, is a common part of sample preparation prior 
to liquid chromatography separation. Fortunately, proteases like trypsin produce a well-
defined peptide pattern, which allows identification and quantification of proteins by 
observation of their corresponding proteolytic peptides (Burkhart et al., 2012; Rodriguez et 
al., 2008). Furthermore, ESI can be coupled with numerous different mass analyzer types 
like time of flight, ion trap or triple quadrupole.  
In this work, liquid chromatography coupled to a triple quadrupole - linear ion trap hybrid 
mass analyzer via an ESI interface (LC-ESI-MS/MS-LIT) was used. Therefore, the way of 
an analyte peptide, eluting from the LC column, will be described in the final section of this 
chapter as summarized in figure 3.2. 
Triple quadrupole mass analyzers consist of two subsequent mass filters (quadrupoles) 
interconnected by a collision cell. Analyte ions, transferred to the gas phase by 
electrospray ionization, are forced onto a stable helical flight path by the electromagnetic 
fields generated in the first quadrupole (Q1). The modulation of these fields allows picking 
of ions with a specific m/z ratio, while all other ions are sorted out and collide with the 
quadrupole rods or the encapsulation. In order to increase the sensitivity of the analysis, 
the first quadrupole mass analyzer can be combined with collision induced fragmentation 
(CID) of the analytes and subsequent investigation of the fragmentation pattern by a 
second quadrupole mass analyzer. This technique is called selection reaction monitoring 
and is widely used in protein/ peptide research (Lange et al., 2008).  
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Figure 3.3: Illustration of the selected reaction monitoring concept. Peptides elute from a 
chromatographic column and are fragmented in a triple quadrupole mass spectrometer after ionization. The 
generation of intense product ions is monitored over time and the resulting chromatographic peaks enable 
quantification of the original peptides and their corresponding proteins. 
 
For this purpose, peptides called mother ions which are preselected in the first quadrupole 
are accelerated against an inert collision gas like nitrogen in the CID chamber (Q2). The 
resulting fragment ions are then analyzed using another quadrupole mass filter (Q3) which 
can be operated in linear ion trap mode, too. Thus, it is possible to measure exact MS/MS 
spectra of the mother ion’s collision fragments.  
Peptides tend to break apart at specific carbon-nitrogen bonds in the polypeptide 
backbone chain (Paizs & Suhai, 2005). This allows deducing the amino acid sequence of 
a peptide from the corresponding MS/MS spectrum. Furthermore, the generation of 
intense product ions can be monitored continuously during the chromatographic elution of 
a peptide. This allows for highly precise protein quantification by measurement of the 
resulting peak areas as depicted in figure 3.3. 
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4 Materials and Methods 
4.1 Materials 
4.1.1 Strains 
Table 4.1: List of strains used in this work. 
Strain Genotype Reference 
Corynebacterium glutamicum 
ATCC13032 
Wild type (Kinoshita et al., 1975) 
C. glutamicum DM1800 
Model strain for L-lysine production. pycP458S, 
lysCT311I 
Evonik Industries AG, 
Essen, Germany 
C. glutamicum JVO02-A16 
Gradually downregulated CS (32 %). pycP458S, 
lysCT311I, ΔprpC1, ΔprpC2, ΔPgltA, ::PdapA-
A16-gltA  
(van Ooyen et al., 2012) 
C. glutamicum JVO02-L1 
Gradually downregulated CS (17 %). pycP458S, 
lysCT311I, ΔprpC1, ΔprpC2, ΔPgltA, ::PdapA-
L1-gltA 
(van Ooyen et al., 2012) 
C. glutamicum JVO02-C7 
Gradually downregulated CS (10 %). pycP458S, 
lysCT311I, ΔprpC1, ΔprpC2, ΔPgltA, ::PdapA-
C7-gltA 
(van Ooyen et al., 2012) 
Escherichia coli TOP10 
F-, mcrA, Δ(mrr-hsdRMS-mcrBC), Φ80lacZ, 
ΔM15, ΔlacX74, recA1, araD139, Δ(araA-
leu)7697, galU, galK, rpsL, endA1, nupG 
Life technologies corp., 
Carlsbad, CA, USA 
E. coli BL21 (DE3) ompT, hsdSB(rB-rB-), dcm, gal  (Studier & Moffatt, 1986) 
 
4.1.2 Plasmids 
Table 4.2: List of plasmids used in this work. 
Plasmid Description Reference 
pBAD_EA
QCC
 
pBAD-HisA version C, araC, bla, ParaBAD, N-term. 
His6, rnrB ½ terminator, QConCat EMP & ANA 
this work 
pBAD_TG
QCC
 
pBAD-HisA version C, araC, bla, ParaBAD, N-term. 
His6, rnrB ½ terminator, QConCat TCA & GXS 
this work 
 
4.1.3 Chemicals 
Chemicals and enzymes used in this work were generally applied in analytical grade. 
Manufacturer details are provided with the particular method if crucial. 
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4.1.4 Media 
Table 4.3: Lysogeny broth (Bertani, 1951). 
peptone 10 g l
-1 
yeast extract 5 g l
-1
 
NaCl 5 g l
-1
 
pH (NaOH) 7.5 
 
Table 4.4: CGXII defined media, shaking flask and MTP cultures (modified from Keilhauer et al., 1993). 
(NH4)2SO4 20 g l
-1
 
KH2PO4 1 g l
-1
 
K2HPO4 1 g l
-1
 
MOPS 42 g l
-1
 
CaCl2 x 2 H2O 13.25 mg l
-1 
MgSO4 x 7 H2O 25 mg l
-1 
pH (NaOH) 7.0 
autoclave  
add C-source 6-20 g l
-1 
add trace elements 1 ml 
add biotin (200 mg l
-1
)
 
1 ml 
add PCA (15 g l
-1
) 1 ml 
 
Table 4.5: CGXII defined media, bioreactor cultivation (modified from Keilhauer et al., 1993). 
(NH4)2SO4 20 g l
-1
 
KH2PO4 1 g l
-1
 
K2HPO4 1 g l
-1
 
CaCl2 x 2 H2O 13.25 mg l
-1 
MgSO4 x 7 H2O 25 mg l
-1 
pH (NaOH) 7.0 
autoclave  
add C-source 6-20g l
-1 
add trace elements 1 ml 
add biotin (200 mg l
-1
)
 
1 ml 
add PCA (15 g l
-1
) 2 ml 
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Table 4.6: Trace elements for CGXII defined media. 
FeSO4 x 7 H2O 10 g l
-1
 
MnSO4 x 1 H2O 10 g l
-1
 
ZnSO4 x 7 H2O 1 g l
-1
 
CuSO4 x 5 H2O 0.2 g l
-1
 
NiCl2 x 6 H2O 0.02 g l
-1
 
 
4.1.5 Stock solutions 
Table 4.7: Stock solutions used in this work. 
Substance Solvent Concentration Working conc. Storage 
ampicillin a. dest. 50 mg ml
-1 
50 µg ml
-1 
sterile filtrated (-20 °C) 
L-arabinose a. dest. 200 g l
-1 
2 g l
-1
 sterile filtrated (-20 °C) 
lysozyme a. dest. 20 mg ml
-1 
100 µg ml
-1
 -20 °C 
 
4.1.6 Devices 
Table 4.8: Laboratory devices used in this work. 
Device / manufacturer Field of application 
Infors HT CH4103 (Infors AG, Basel, Swizerland) Cultivation of microorganisms (shaking flask) 
Heraeus B5050 Incubator (Heraeus Holding GmbH, 
Hanau, Germany) 
Cultivation of microorganisms (solid media) 
BioLector
TM
 (M2P-labs GmbH, Aachen, Germany) Cultivation of microorganisms (MTP) 
DASGIP 1.5L parallel bioreactor system (DASGIP 
GmbH, Jülich, Germany) 
Cultivation of microorganisms (lab scale 
bioreactor) 
Thermomixer Comfort (Eppendorf AG, Hamburg, 
Germany) 
Incubation steps (4-99 °C, up to 2 ml) and 
Incubation of 96 well plates (4-99 °C), both 
up to 1500 rpm 
Centrifuge 5417R (Eppendorf AG, Hamburg, 
Germany) 
Centrifugation steps (4-25 °C, max. 14,000 
x g up to 2 ml) 
Concentrator 5301 (Eppendorf AG, Hamburg, 
Germany) 
Solvent removal by vacuum drying 
UP200s ultrasound processor (Dr. Hielscher GmbH, 
Teltow, Germany) 
Lysis of bacterial cells 
Centrifuge 5810R (Eppendorf AG, Hamburg, 
Germany) 
Centrifugation steps (4-25 °C, max. 
4,000 x g, up to 50 ml) 
Beckman Coulter Avanti J20-XP (Beckman Coulter 
GmbH, Krefeld, Germany) 
Centrifugation steps (4-25 °C, max. 
50,000 x g up to 50 ml, max. 15,900 x g up 
to 1000 ml) 
Satorius analytical A200 S (Satorius AG, Melsungen, 
Germany) 
Gravitational measurements 
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Table 4.8 (continued): Laboratory devices used in this work. 
Device / manufacturer Field of application 
Tecan Genios pro (Tecan Group Lmt., Mänedorf, 
Swizerland) 
Detection of light extinction in MTPs (λ = 
300-800 nm) 
Shimadzu UV1800 (Shimadzu Cooperation, Kyoto, 
Japan) 
Detection of light extinction (λ = 300-800 nm) 
Eppendorf EPBIO Compact (Eppendorf AG, 
Hamburg, Germany) 
Determination of glucose concentration in 
aqueous solutions 
Systec DE45 autoclave (Systec GmbH, Wettenberg, 
Germany) 
Sterilization 
Agilent 1100 Series HPLC system (Agilent 
Technologies Inc., Santa Clara, CA, USA) 
High performance liquid chromatography 
4000 QTRAP MS/MS LIT (AB Sciex Pte. Ltd, 
Framingham, MA, USA) 
Mass spectrometry 
 
4.1.7 Software 
Plasmid construction was done using CloneManager 9.0 professional (Scientific & 
Educational Software, Cary, USA). Analyst 1.5 (AB Sciex Pte. Ltd, Framingham, MA, 
USA) was used for LC-MS operations. Skyline (Brendax Lab, University of Washington, 
USA) was used for LC-MS method development and data evaluation. General data 
evaluation and error propagation was performed in Microsoft Excel 2010 (Microsoft 
Cooperation, Redmond, USA), Origin 7G (OriginLab Corporation, Northampton, MA, USA) 
and Matlab R2009a (MathWorks inc., Natick, MA, USA). Data visualization was done with 
Excel 2010, Origin7G and CorelDraw X3 (Corel AG, Ottawa, Canada). DASGIP Control 
version 4.5 (DASGIP GmbH, Jülich, Germany) was used for lab scale bioreactor 
operations. 
4.2 Methods 
4.2.1 Strain conservation and cryocultures 
For permanent storage, cell suspensions of E. coli or C. glutamicum strains grown in LB 
or CGXII (C. glutamicum only) medium were mixed with 1 volume of sterile 60 % (v v-1) 
glycerol solution. Glycerol containing cell suspensions were dispensed in 2 ml cryo vials 
and stored at -80 °C immediately. For short term storage, cells were grown for 24-48 h on 
LB-agar plates (1.5 % (w v-1) Agar) at 30 °C and 37 °C for C. glutamicum and E. coli, 
respectively. If required, plates were supplemented with antibiotics as described in the 
stock solutions table. Fully grown plates were stored at 4 °C for up to seven days. 
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4.2.2 Cultivation of C. glutamicum and E. coli 
4.2.2.1 Shaking flask cultivation 
For precultures, E. coli and C. glutamicum cells were grown in 500 ml baffled shaking 
flasks containing 50 ml liquid medium (LB and CGXII for E. coli and C. glutamicum, 
respectively) at 165 rpm and 37 °C (E. coli) or 30 °C (C. glutamicum). If necessary, the 
medium was supplemented with antibiotics or inducing agents as described in the stock 
solutions table. 
4.2.2.2 Microscale cultivation system BioLector
TM
 
For parallel cultivation of C. glutamicum under varying conditions, e.g. different carbon 
sources, the microscale cultivation system BioLectorTM was used. The system consists of 
a plate shaking device with an optical readout for online measurements of biomass, pH, 
DO and fluorescence and a disposable 48 well cultivation plate with fluorescent optodes. 
The plate shaker offers environmental control of temperature, humidity and gas phase 
composition in the cultivation chamber. The disposable cultivation plates, called 
FlowerplatesTM (M2P-labs GmbH, Aachen, Germany) ensure a high oxygen transfer 
similar to a stirred tank reactor system due to the baffled, flower like shape of their 
cavities. 
For batch cultivations in the BioLectorTM, C. glutamicum cells were precultured in 50 ml 
CGXII medium with 2 % (w v-1) glucose. The preculture was harvested by centrifugation 
(4,000 x g, 10 min, 20 °C) and washed once with fresh main culture media. After 
centrifugation as before, cells were resuspended in main culture media towards the 
desired starting OD (usually 0.1). FlowerplateTM cavities were filled with 1 ml of the cell 
suspensions in the desired number of replicates (4-5), and the plate was sealed with a 
gas permeable membrane (M2P-labs GmbH, Aachen, Germany). Cells were cultivated at 
30 °C, 1300 rpm and 80 % humidity. Online measurements were read out in 10min 
intervals (Gains: Biomass: 20, DO: 35, pH: 35) and calibrated according to the 
manufacturers data provided for each batch of FlowerplatesTM. Biomass concentration 
was calculated from backscatter (BS) readout as follows:  
CDW = 0.0468 * BS + 0.5053 (1) 
4.2.2.3 Lab-scale bioreactor cultivation 
Both C. glutamicum and E. coli were cultivated in 1.5 l lab-scale bioreactors (DASGIP 
GmbH, Jülich, Germany) if highly controlled environmental conditions and/ or a higher 
biomass was desired. Reactor setups were assembled including pH- and DO-probes, 
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mechanic stirrer with two 6-blade stirrer elements, offgas condenser, sample port and a 
rubber septum for needle sterile injections. Assembled reactors were filled with 1 l 
medium (LB for E. coli, CGXII for C. glutamicum) and sterilized ex situ by autoclaving. 
Sterilized reactors were integrated into the systems thermostat block, regulated at 30-
37 °C and connected to gassing, offgas analysis as well as acid and base feeds. When 
the desired temperature was reached, additional media components like carbon sources, 
biotin, PCA or antibiotics were added through the rubber septum covered with 70 % (v v-1) 
EtOH to ensure sterile conditions. Cultivation was started by adding 1-5 % (v v-1) of 
preculture via the septum. DO was regulated to >30 % of maximum saturation during the 
cultivation for both organisms (gassing: 1 vvm, stirrer: 400-1200 rpm controlled by DO 
value, p = 0.1, Ti = 300 s). pH was automatically regulated for C. glutamicum only (pH = 
7.0, 4 M NaOH, 6 M HCl, p = 10, Ti = 1200 s, no auto-reset). Growth was followed by 
sampling and offline determination of OD and carbon source concentration. If necessary, 
10 % (v v-1) sterile solution of the anti-foam agent AF204 (Sigma-Aldrich Chemie GmbH, 
Munich, Germany) was added in 1 ml aliquots through the rubber septum. For 
heterologous protein expression in E. coli, the inducing agent L-arabinose was added to 
the culture in the early exponential phase (OD ~0.5) to a final concentration of 2 g l-1 via 
the rubber septum. 
4.2.3 Cell harvest 
Cells were generally harvested by centrifugation at 4 °C. According to the scale of the 
cultivation (1 ml, 50 ml or 1 l), the centrifugation device was chosen as described in 4.1.6. 
For small scale cultivations, 1 ml cell suspension was harvested in a 2 ml reaction tube at 
16,000 x g for 1 min. Shaking flask cultures of 50 ml were harvested in 50 ml falcon tubes 
at 4,000 x g for 10 min. Cell suspensions of up to 1 l from lab-scale bioreactor cultivations 
were harvested at 15,900 x g for 15 min using a JLA8100 rotor. Empty rotor slots were 
filled with water vessels if necessary. In the cases of the JLA8100 rotor all vessels had to 
be of the same weight with a maximum delta of 0.1 g. Cell pellets were washed once with 
0.5 volume original culture volume of sterile, ice cold saline (0.9 % (w v-1) NaCl in a. dest.) 
and could be stored at -20 °C until further processing. 
4.2.4 Offline analytics 
4.2.4.1 OD 
To follow cell growth in shaking flask and lab-scale bioreactor cultivations, the light 
extinction of diluted samples was determined. Therefore 1 ml of cell suspension was 
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removed from the culture and diluted until the measured OD at λ = 600 nm was within a 
range of 0.1 to 0.7. A sample of sterile medium served as blank value. For determination 
of exponential growth rates µmax, the measured OD values over time were fitted to the 
following exponential function: 
t
t
eXX max*
0
*  (2) 
X0 (initial biomass) and µmax (exponential growth rate) represent the variables to be fitted. 
4.2.4.2 Glucose 
Glucose concentration in culture supernatants was determined using an Eppendorf 
EPBIO Compact (Eppendorf AG, Hamburg, Germany) device. Glucose is detected 
enzymatically via membrane bound glucose oxidase. Samples were diluted to the linear 
range of 0.5 to 50 mM (usually 1:10) and 100 µl of sample/ standard was added to 1 ml of 
analyzer buffer prior to the automated measurement procedure.  
Table 4.9: Glucose analyzer buffer. 
Na2HPO4 6.27 g l
-1 
NaH2PO4  1.15 g l
-1 
C6H5COONa (Sodium Benzoate) 1.5 g l
-1 
EDTA 0.5 g l
-1
 
NaCl 2.5 g l
-1
 
 pH 7.3 
4.2.5 Molecular biological methods 
4.2.5.1 Plasmid isolation from E. coli 
For plasmid isolation from E. coli strains, 1 ml of cell suspension was removed from a 
50 ml LB culture supplemented with the appropriate amount of antibiotics and harvested 
by centrifugation in a 1.5 ml reaction tube. Plasmids were isolated from the cells using 
Qiagen plasmid mini kit (Qiagen GmbH, Hilden, Germany) according to the 
manufacturer’s instructions. Plasmids were eluted with 50 µl of sterilized a. dest. into a 
new reaction tube and stored at -20 °C until further use. 
4.2.5.2 Restriction of DNA 
DNA molecules can be cut at defined positions depending on the base-sequence by a set 
of DNA endonucleases called restriction-endonucleases or short restriction enzymes. In 
nature these enzymes serve as a defensive mechanism to encounter foreign DNA 
entering the cell that synthesizes the restriction enzyme. Thereby the cells own DNA is 
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protected from cleavage by chemical modification (e.g. methylation) of the enzyme’s 
recognition sites on the DNA. Dependent on their cleavage behavior and their need for 
cofactors, restriction enzymes are set into three different categories. For molecular biology 
category II restriction enzymes have proven to be valuable molecular tools because they 
do not require ATP, which is quite expensive. Moreover, they cut within their specific 
palindromic recognition site and create either sticky ends (3’ or 5’-overhangs) or blunt 
ends. As an example, the recognition site and the sticky end cleavage-products of the 
restriction enzyme EcoRI from E. coli are shown: 
 
All restriction enzymes used in this study were class II restriction enzymes ordered from 
New England Biolabs (New England Biolabs GmbH, Frankfurt a. M., Germany). 
Restriction reactions were prepared in sterile reaction tubes and performed at the 
temperature recommended by the manufacturer (25, 30, 37 or 65 °C) for 1 h maximum. 
An example of a restriction reaction-mixture is given below. 
Table 4.10: Example of a restriction reaction. 
DNA-solution (200 ng µl
-1
) 5 µl 
restriction buffer (10 x) 1 µl 
restriction enzyme (1 U µl
-1
) 0.5 µl 
a. dest. ad 10 µl 
4.2.5.3 Agarose gel electrophoresis 
Nucleic acids are composed of a sugar-phosphate backbone and hetero-aromatic bases 
that are covalently bound to the sugars. The sugar molecules are ribose in the case of 
RNA and desoxyribose for DNA, while the bases are guanine, cytosine, adenine and 
thymine (DNA) or uracil (RNA). Because of the phosphate’s OH-groups in the backbone, 
nucleic acids are negatively charged in aqueous solutions at pH 8.0. This allows 
separation of nucleic acid fragments using an electric field and a molecular screen. The 
polymer agarose from the genus Gracillaria is used as a screen in this technique. In 
concentrations from 0.7-2 % (w v-1), it allows the separation of DNA fragments within a 
range of 100 bps to 10 kb. The movement distances of such dsDNA fragments in agarose 
gels are reverse proportional to the negative decadal logarithm of their length in bps. For 
separation of DNA fragments a 1 % (w v-1) solution of agarose in TAE buffer (peqGold 
Universal Agarose, Peqlab Biotechnologie GmbH, Erlangen, Germany, solved at 100 °C, 
stored at 65 °C) was poured into a horizontal gel electrophoresis device (Peqlab 
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Biotechnologie GmbH, Erlangen, Germany) and cooled until complete curing of the gel. 
The device was filled with TAE buffer. Subsequently, the nucleic acid samples, completed 
with 6x loading dye to a final 1x concentration of the dye, were pipetted into the sample 
wells. Separation took place at 10-20 V cm-1 gel length for approximately 1 h. After the 
run, gels were stained in an ethidium-bromide bath (10 µg ml-1 in TAE buffer) for 15-30 s, 
destained in a. dest. for 15-30 min and then documented. Ethidium-bromide intercalates 
into the nucleic acids, which can then be visualized by UV-exposure (absorption: λ = 305 
nm, extinction λ = 390 nm). To approximate the size of dsDNA fragments, DNA markers 
(GeneRulerTM 1 kb DNA ladder, Fermentas GmbH, St. Leon-Rot, Germany or 100 bp DNA 
ladder, New England Biolabs GmbH, Frankfurt a. M., Germany) were used.  
Table 4.11: TAE buffer 50x.  Table 4.12: Agarose stock-solution (1 % w v
-1
). 
Tris/ HCl    242.0 g l
-1 
 agarose 10 g 
glacial acetic acid 57.1 ml  l
-1
  TAE buffer (50 x)                   20 ml  
EDTA (50 mM) 14.6 g  l
-1
  a. dest. ad 1000 ml 
     
   Table 4.13: Loading dye (6x). 
   glycerol    60 % (v v
-1
) 
   bromphenole blue     0.2 % (w v
-1
) 
   xylencyanole FF 0.2 % (w v
-1
) 
   EDTA 60 mM 
4.2.5.4 Preparation of permanent competent E. coli cells 
Permanent-competent E. coli cells were prepared according to (Hanahan, 1983) as 
follows: A 50 ml LB culture was inoculated with 3 % vol. of an overnight preculture and 
cultivated at 37 °C and 165 rpm until an OD600 of 0.3. Cells were transferred into a sterile 
50 ml reaction tube, incubated on ice for 15 min and then harvested by centrifugation 
(3,500 x g, 4 °C, 15 min). The media was removed and cells were resuspended in 18 ml 
sterile RF1-solution. After 30 min on ice, cells were harvested as before, resuspended in 
4 ml sterile RF2-solution and divided into 50 or 100 µl aliquots in sterile 1.5 ml reaction 
tubes. Aliquots were frozen immediately in liquid nitrogen and stored at -80 °C. 
Table 4.14: RF1-solution.  Table 4.15: RF2-solution. 
RbCl 100 mM  RbCl 1 mM 
MnCl2 50 mM  MOPS 10 mM 
KCOOCH3 30 mM  CaCl2 75 mM 
pH (glacial acetic acid) 5.8  glycerol 15 % (w v
-1
) 
   pH (NaOH) 5.8 
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4.2.5.5 Transformation of permanent competent E. coli cells 
Aliquots of competent E. coli cells were thawed on ice for 10 min. Up to 20 µl plasmid 
solution containing approximately 0.1-1 ng of plasmid DNA were added to 50 µl of 
competent cells and mixed gently by tapping. After 30 min on ice, cells were submitted to 
a heat shock (42 °C, 90 s), supplemented with 600 µl LB-media and regenerated at 37 °C 
and 650 rpm for 45 min. Serial dilutions were prepared with LB-media, and 50 to 200 µl of 
cell-suspensions were plated on solid LB media containing the appropriate antibiotics. 
Agar plates were incubated overnight at 37 °C. 
4.2.6 Biochemical methods 
4.2.6.1 Preparation of crude extracts from C. glutamicum and E. coli 
The following methods were used to extract soluble proteins from harvested and washed 
cell pellets. All steps were carried out on ice or in a 4 °C room to reduce protein 
degradation. 
C. glutamicum 
Pellets were resuspended in buffer L (20 ml gCDW
-1) and up to 800 µl cell suspension were 
transferred into a 2 ml reaction tube. 1 volume of glass beads (Ø 0.1-0.2 mm) and two 
Ø 0.5 mm glass beads were added to the tube. Cells were then disrupted mechanically in 
a Retsch bead mill three times at maximum velocity for 2 min. Brakes of at least 1 min on 
ice between cycles ensured cooling. Cell debris was removed by centrifugation at 4 °C 
and 16,000 x g for 30 min. Supernatant protein solutions were transferred into new 
reaction tubes. The total protein concentration was determined by a Bradford assay 
(4.2.6.8) and the crude extracts were stored at -20 °C until further use. 
Table 4.16: 10x lysis buffer base.
 
 Table 4.17: DTT stock solution (1 M). 
KH2PO4 12.92 g l
-1
  DTT 1.45 g 
K2HPO4 7.05 g l
-1
  a. dest. 10 ml 
EDTA 5.84 g l
-1
  Store at -20 °C in 100 µl aliquots for 
single use 
 pH 7.4  
 
Table 4.18: Buffer L (Lysis, 50 mM Pi, 2 mM EDTA, 2 mM DTT). 
 10x base 100 ml  
 a. dest. ad 1000 ml  
 pH (KOH) 8.0  
 add 1 tabled Complete
TM 
protease inhibitor  
 add 100 µl DTT stock solution  
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E. coli 
Washed cell pellets from up to 330 ml original culture volume (max. OD ~4.0) were 
resuspended in 30 ml buffer HB. For enzymatic lysis, lysozyme (from chicken egg white, 
Sigma-Aldrich Chemie GmbH, Munich, Germany) was added to 1 mg ml-1 final 
concentration as well as 3 U ml-1 of original culture volume benzoase® Nuclease. Cells 
were lysed for 15 min on ice and additionally sonicated three times for 30 s. To dissolve 
inclusion bodies of heterologous proteins 14.4g of urea (8 M) were added to the lysis mix, 
dissolved by vigorous shaking and incubated on ice for another 30 min. Cell debris and 
insoluble proteins were removed by centrifugation at 48,000 x g for 1 h. The resulting 
supernatant was immediately used for further processing, e.g. affinity purification of 
heterologous proteins (4.2.6.2). 
Table 4.19: Buffer HB (His Binding). 
NaH2PO4 4.5 g l
-1 
Na2HPO4 15.5 g l
-1
 
NaCl 29.0 g l
-1
 
imidazole (40 mM) 2.72 g l
-1
 
 pH 7.4 
4.2.6.2 Protein purification by affinity chromatography 
In this study, QConCat proteins were heterologously expressed in E. coli as described in 
(4.2.2.3). After cell lysis (4.2.6.1) these proteins were initially purified by His-trap affinity 
chromatography and optionally further purified using Strep-tag mediated affinity 
chromatography. Both methods were performed at 20 °C and a 0.22 µm filter was placed 
in line atop the columns. 
4.2.6.3 His-tag 
For the first purification step a 1 ml His-trap HP column (GE Healthcare Bioscience AB, 
Uppsala, Sweden) was equilibrated with 10 ml buffer HB (40 mM imidazole) at 1 ml min-1. 
Tagged proteins were loaded by rinsing the cleared E. coli lysate through the column. 
Contaminating proteins as well as any urea from the cell lysis procedure were removed by 
two subsequent wash steps. First the column was washed with 10 volumes buffer HB (40 
mM imidazole). After that, the column was washed a second time with 5 volumes of buffer 
HB containing 80 mM imidazole. Finally the His-tagged proteins were eluted in 5 ml buffer 
HB with 500 mM imidazole. Elution fractions were stored at 4 °C until further use. The 
column was washed with 10 volumes of Buffer HB and stored in 20 % (v v-1) EtOH at 4 °C. 
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4.2.6.4 Strep-tag 
For further purification of heterologous proteins, a second affinity chromatography 
employing a 1 ml Streptactin column (GE Healthcare Bioscience AB, Uppsala, Sweden) 
was used. Elution fractions from His-trap purification were diluted with 1.5 volume of 
buffer L (see 4.2.6.1) and applied to the column which was previously equilibrated with 10 
column volumes of buffer L at a flow rate of 1 ml min-1. The column was subsequently 
washed with 10 volumes of buffer L, and proteins eluted in 3 x 2 ml buffer L containing 
2.5 mM of the eluent desthiobiotin. The column was regenerated by the following wash 
steps: 3 vol. a. dest., 3 vol. 0.5 M NaOH, 3 vol. a. dest. Purified proteins were stored at 
4 °C until further use. The column was stored in 20 % (v v-1) EtOH at 4 °C. 
4.2.6.5 SDS-PAGE 
Discontinuous SDS-PAGE (Laemmli, 1970) allows separation of different proteins 
according to their molecular weight. The detergent SDS denatures the protein’s secondary 
and tertiary structures and adds negative charges to them. The resulting amount of 
negative charges is proportional to the molecular weight of the proteins. Additionally, 
disulphide bonds are broken down by DTT. This enables separating the proteins in a 
polyacrylamide gel using an electric field.  
Protein samples were mixed with 6x SDS sample buffer and boiled at 85 °C for 10 min. In 
the meantime, a NuPAGE® horizontal gel electrophoresis chamber (Life technologies 
corp., Carlsbad, CA, USA) was assembled with one or two NuPAGE® Novex 10 % Bis-
Tris Gels (1.0 mm, 12 Well, Life technologies corp., Carlsbad, CA, USA) and covered with 
NuPAGE® MES SDS Running Buffer (Life technologies corp., Carlsbad, CA, USA). Boiled 
samples were loaded to the gels alongside a SeeBlue® plus2 pre-stained protein standard 
(Life technologies corp., Carlsbad, CA, USA). Gel run was started by applying an 
electrical field of 120 V and 150 mA for 1 h and 20 min. Gels were removed from the 
chamber and washed twice with a. dest. for 5 min. For protein detection the gels were 
either submitted to Western blot analysis and immunological detection of specific epitopes 
or stained with Coomassie brilliant blue G-250. For the latter, gels were covered with  
SimpleBlue save stain solution (Life technologies corp., Carlsbad, CA, USA) and 
incubated for 1 h at room temperature with gentle shaking. Gels were destained for 2 h in 
a. dest at room temperature with gentle shaking and documented on a hp scanjet 3670 
flat scanner (Hewlett-Packard Development Company lmt., Palo Alto, CA, USA).  
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Table 4.20: 6x SDS sample buffer. 
Tris/ HCl 10 mM 
EDTA 1 mM 
glycerol 20 % (v v
-1
) 
SDS 1 % (w v
-1
) 
bromophenolblue 0.1 % (w v
-1
) 
DTT 2 % (w v
-1
) 
pH 8.0 
4.2.6.6 Western blotting 
Proteins were transferred from native and SDS polyacrylamide gels to polyvinylidene 
difluoride (PVDF) membranes for further immunological detection by wet electro- blotting. 
PA gels were washed once with a. dest. and incubated in transfer buffer for 15 min. An 
Invitrolon PVDF membrane (Life technologies corp., Carlsbad, CA, USA) was activated by 
short incubation in methanol and placed below the gel covered with transfer buffer. One 
sheet of blotting paper was placed below gel and membrane and one sheet above them. 
No air must remain within the sandwich as it would inhibit electric flow and protein 
transfer. The sandwich was transferred from the buffer to an XCell II blotting 
electroblotting module (Life technologies corp., Carlsbad, CA, USA), with the gel facing 
the cathode and the membrane facing the anode. Proteins were blotted for 1 h at room 
temperature with voltage set to 30 V and current limited to 120 mA. Successful blotting 
could be determined immediately from prestained marker bands, and membranes were 
submitted to immunodetection (4.2.6.7). 
Table 4.21: Transfer buffer. 
Tris/ HCl  5.28 g l
-1 
glycine  2.93 g l
-1
 
MetOH  20 % (v v
-1
) 
pH 8.0 
4.2.6.7 Immunological detection 
Specific proteins were detected by a two-step antibody labeling procedure. The first class 
of antibodies, developed in mouse, bind to a specific epitope of the target protein such as 
the Strep tag (WSHPQFEK, 34850, Qiagen GmbH, Hilden, Germany). The second 
antibody was developed in goat against the mouse immunoglobulin G (IgG) and therefore 
specifically detects the primary antibodies. Additionally, the secondary antibody was 
coupled to the enzyme alkaline phosphatase. This enzyme was used to visualize protein 
antibody complexes by a color reaction: 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) is 
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used as the substrate for the phosphatase and is converted into a blue indigo dye. Nitro 
blue tetrazolium (NBT) serves as the oxidant in this reaction and also forms another 
purple-blue dye when it is reduced. BCIP and NBT react spontaneously to the purple-blue 
precipitate, but alkaline phosphatase increases the reaction rate 1000-fold allowing rapid 
and specific detection of the protein-antibody complexes coupled to the enzyme.  
Membranes from Western blotting (4.2.6.6) were transferred to 50 ml tubes for 
hybridization, washed once with TBS buffer and could be stored for several days at 4 °C. 
For immunodetection, membranes were first incubated for 30 min in 40 ml TBS with 3 % 
(w v-1) BSA to block unspecific binding sites. Primary antibodies were diluted 1:1000 (anti-
Strep) in TBS with 3 % (w v-1) BSA, and the membranes were incubated in 40 ml of the 
solutions for 1 h. Membranes were washed three times with TBST and three times with 
TBS. The secondary antibody (A5153, Sigma Aldrich, St. Louis, USA) was diluted 
1:10,000 in TBS with 3 % (w v-1) BSA and hybridized to the membranes for 1 h. 
Membranes were washed as before and transferred into detection buffer. Protein-antibody 
complexes were visualized with 45 µl BCIP and 45 µl NBT solutions in 10 ml detection 
buffer. 
Table 4.22: TBS buffer.  Table 4.23: TBST buffer. 
Tris/ HCl 50 mM  Tris/ HCl 50 mM 
NaCl 500 mM  NaCl 500 mM 
pH 7.5  tween20 0.2 % (v v
-1
) 
   pH 7.5 
    
Table 4.24: Detection buffer.  Table 4.25: BCIP solution. 
Tris/HCl 100 mM  20 mg ml
-1
 in 100 % DMF 
NaCl 100 mM  storage at 4 °C 
MgCl2 5 mM    
pH 9.5  Table 4.26: NBT solution. 
   75 mg ml
-1
 in 70 % DMF 
   storage at 4 °C 
4.2.6.8 Total protein quantification 
The dye Coomassie brilliant blue G-250 forms complexes with cationic and non-polar 
hydrophobic side chains of amino-acids (mainly arginine) under acidic conditions. This 
results in a shift of the dye’s absorption maximum from 465 to 595 nm, which can be 
detected photometrically (Bradford, 1976). The protein concentration of a solution is the 
measured by comparison of the extinction at 595 nm with the extinction of BSA standards 
of known protein concentrations (linear range: 0.03-1.5 mg ml-1). Unknown samples were 
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diluted to a protein concentration of approximately 0.05 to 1.4 mg ml-1 and 250 µl Bradford 
reagent was added to 5 µl of sample and standard solutions in a 96-well plate. After 5 min 
incubation at room temperature, extinction at 595 nm was measured in a multi-well 
reader. Unknown sample concentrations were calculated from the BSA standards. 
For samples with very low concentrations (1-10 µg ml-1) a modified protocol was used: 
100 µl sample or standard were mixed with 100 µl Bradford reagent, mixed well and 
incubated at room temperature for 5 min. Readout was performed as before. Buffer blank 
extinctions were taken into account. 
Table 4.27: Bradford reagent. 
Coomassie brilliant blue G-250  100 mg l
-1
 
H3PO4 (85 % v v
-1
)  100 ml l
-1
 
EtOH (95 % v v
-1
)  50 ml l
-1 
4.2.6.9 Proteolytic digest with trypsin 
The endoprotease trypsin cleaves polypeptide chains specifically at the peptide bond after 
the amino acids arginine (Arg) and lysine (Lys). Thus, tryptic digestion is a valuable 
molecular tool for protein analysis with mass spectrometry because it generates 
reproducible peptide patterns from a given polypeptide chain. There is one limitation 
however: If Arg or Lys is followed by the imino acid  Proline, cleavage is prohibited albeit 
some reported exceptions (Rodriguez et al., 2008). 
For LC-MS sample preparation up to 100 µg of protein were adjusted to 50 µl volume with 
trypsin reaction buffer (TRB, Sigma Aldrich Chemie GmbH, Munich, Germany). For 
peptide screening measurements usually 100 µg of 14N Proteins were used, while for 
relative quantification 50 µg of 14N sample proteins were mixed with 50 µg of 15N labeled 
proteins as an internal standard prior to the tryptic digest. For absolute quantitative 
measurements purified 14N QConCat protein standards and 15N sample proteins were 
digested separately to allow for gel based control of complete tryptic digestion. 
The 50 µl protein solutions were added to a trypsin singles vial (Sigma Aldrich Chemie 
GmbH, Munich, Germany) containing 1 µg Proteomics grade trypsin, which was 
reconstituted with 1 µl trypsin solubilization reagent and 49 µl TRB. Proteins were 
digested at 42 °C for 5 h. To remove trypsin and undigested protein and to avoid HPLC 
column blocking due to particle contaminations, samples were diluted with one volume of 
a. dest. and filtered through a spin filter with 10 kDa MWCO at 4 °C and 16,000 x g for 15 
min. Clear peptide solutions were transferred to HPLC vials with micro inlets, sealed and 
stored at 4-6 °C until LC-MS measurement. 
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4.2.7 LC-MS analytics 
4.2.7.1 HPLC method 
Peptide solutions generated by tryptic digest were partially separated using an Agilent 
1100 series HPLC system prior to MS/MS analysis of the peptides. Samples were stored 
in the autosampler unit at 6 °C and 10 µl were injected for LC-MS analysis. A guard 
column (2 x 0.8 mm PepMax300 C18 5 µm, Dionex AG, Sunnyvale, CA, USA) was used 
to protect the main core shell particle column (150 x 2.1 mm Ascentis Express® Peptide 
ES-C18 2.7 µm, Sigma Aldrich Chemie GmbH, Munich, Germany). A gradient elution with 
increasing concentration of the polar eluent acetonitrile was used in reverse phase mode 
of separation. Eluent A was 0.1 % (v v-1) formic acid in bidest. water, eluent B was 0.1 % 
(v v-1) formic acid in acetonitrile. The chromatography profile is given below: 
Table 4.28: HPLC gradient profile. 
Step Total time 
(min) 
Flow rate 
(µl min
-1
) 
A (%) B (%) 
0 -15.00 100 92.0 8.0 
1 0.00 100 92.0 8.0 
2 60.00 100 60.0 40.0 
3 63.00 100 60.0 40.0 
4 64.00 100 40.0 60.0 
5 74.00 100 40.0 60.0 
6 75.00 100 92.0 8.0 
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4.2.7.2 Peptide screening via IDA-EPI 
For peptide identification 5 µg of total C. glutamicum protein was injected to the LC-MS 
system. Targeted peptide masses were programmed to trigger MS/MS fragmentation and 
spectrum acquisition at >800 counts per second (cps) in the SRM survey scan on a 
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4000QTRAP mass spectrometer. Product ions were collected in the linear ion trap and 
released subsequently to acquire full MS/MS spectra. 
The following MS parameter were applied: Turbo-V Source, CUR: 10 psi (N2), ISv: 
+5500 V, temperature: 300 °C, source gas 1 & 2: 30 psi (N2), interface heater: off, CAD: 
5 psi (N2), entrance potential 10 V, collision cell exit potential 12 V, Q1: unit resolution with 
IE: 1.0, Q3: unit resolution with IE: 0.3, dwell time 50 ms. 
Acquired spectra were screened using an in house Mascot license (Matrix Science Inc., 
Boston, MA, USA) against a C. glutamicum proteome database (ion score > 42, p < 0.05). 
Positive matches were verified by manual revision of acquired MS/MS spectra and 
uniqueness of peptides was cross-checked against a C. glutamicum background 
proteome using Skyline software (MacLean et al., 2010). 
4.2.7.3 Peptide quantification by scheduled SRM 
Peptides were quantified on the same LC-MS system they were identified with, consisting 
of an Agilent 1100 series HPLC coupled to an ABSciex 4000QTRAP triple quadrupole 
linear ion trap hybrid mass spectrometer. For relative quantification of peptides, 2.5 µg of 
14N sample protein and 2.5 µg of 15N internal standard proteins digested together were 
applied to the LC-MS system. For each targeted peptide three mass transitions were 
measured along with another three corresponding internal standard transitions. Each 
transition was optimized regarding its collision energy to ensure high signal intensities 
(Maclean et al., 2010). Peptide retention times were estimated prior to routine 
quantification and were used to trigger scheduled acquisition of mass transitions in a 
240 s window around the corresponding peptides retention time (RT). The total cycle time 
was set to 4 s providing enough data points for reliable peak detection and quantification.  
The following MS parameter were applied: Turbo-V Source, CUR: 10 psi (N2), ISv: 
+5500 V, temperature: 300 °C, source gas 1 & 2: 30 psi (N2), interface heater: off, CAD: 
5 psi (N2), entrance potential 10 V, collision cell exit potential 12 V, Q1: unit resolution with 
IE: 1.0, Q3: unit resolution with IE: 0.3. 
Raw files (*.wiff) were analyzed using Skyline targeted Proteomics software to detect peak 
area ratios of 14N sample and 15N internal standard peaks. Relative peptide amounts 
compared to a predefined standard condition, e.g. exponential growth on glucose, were 
calculated from mean area ratios and displayed on a log2 scale. Students t-test was used 
to analyze statistical significance. In general, a peptide was considered significantly 
altered if p was < 0.01 and the peptide amount was altered at least ± 2-fold. 
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5 Results and Discussion 
The experimental work of this thesis is divided into three main parts. At first, a targeted 
method for relative protein quantification is described. This method is used in the second 
chapter for a detailed study of protein dynamics associated with carbon source availability 
in the C. glutamicum wild type ATCC13032. The final chapter deals with the development 
of protein standards to extend the previous method towards absolute protein 
quantification. 
5.1 Development of relative protein quantification 
Due to its high relevance for industrial or “white” biotechnology, the central carbon 
metabolism of C. glutamicum has been studied intensively over the last decades. Almost 
all central metabolic enzymes of the glycolysis, anaplerosis, tricarboxylic acid cycle and 
the glyoxylate shunt have been biochemically characterized (Eggeling & Bott, 2005). 
However, there are rather little data available covering dynamic regulations of protein 
amounts in response to perturbations such as changing carbon sources. Protein amounts 
have been studied by two dimensional gel electrophoresis first, which however provides 
only limited quantitative information (Schaffer et al., 2001). Recently, several untargeted 
LC-MS studies covering most of the C. glutamicum proteome have been published. They 
address the proteome response to pH (Barriuso-Iglesias et al., 2008; Follmann et al., 
2009) and osmotic stress (Fränzel et al., 2010) as well as growth on the rather exotic 
carbon sources benzoate (Haussmann et al., 2009) and PCA, which usually serves as a 
Fe2+ chelating agent in typical defined media (Haussmann & Poetsch, 2012).  
To further aid the knowledge base of C. glutamicum it was desired to establish a reliable 
and exact quantitative method to study protein amounts of key enzymes in the main 
carbon flux routes of C. glutamicum. Clearly, the method of choice here is a gel-free 
approach employing liquid chromatography coupled to tandem mass spectrometry. From 
the various available hardware, triple quadrupole mass spectrometer, as used in this 
study, have the potential advantages of a high dynamic range, high specificity due to 
target ion fragmentation, technical robustness and fast analysis time. Most importantly, 
they fulfill the requirements for absolute quantification. Countless studies have proven the 
potential of this technique for accurate protein quantification, both relative and absolute, 
as reviewed recently by Elschenbroich & Kislinger (2011). 
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Figure 5.1: General workflow for relative protein quantification method development. A: Targeted 
peptides (one from enolase here) were identified by information dependent acquisition of MS/MS spectra and 
database search. B: For each peptide three most intense product ions were chosen as quantifier mass-traces 
and optimized regarding MS settings. C: Method development was completed by validation of quantitative 
signals. D: Integration of a stable isotope labeled internal standard (modified from Voges & Noack, 2012). 
 
The general workflow to establish a relative quantitative assay for a single peptide is 
shown in figure 5.1. The peptide is identified in a crude extract using collision induced 
fragmentation and the linear ion trap. Intensive product ions are chosen for quantification 
and optimal MS/MS parameters are determined. The method is validated and an internal 
standard, labeled with the stable nitrogen isotope 15N, allows for accurate quantification of 
the peptide in the background of a complex biological sample. This workflow was applied 
for 60 peptides representing 20 key enzymes of the central carbon metabolism of 
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C. glutamicum. A detailed description of the results of each step is given in the following 
chapters. 
5.1.1 Screening for proteotypic peptides 
In order to establish reliable quantitative measurements of proteins in complex biological 
samples it is crucial to identify signature peptides that give a strong signal in the LC-MS 
measurement and are unique in their peptide sequence. The latter can be achieved 
relatively easy by ruling out any peptides that are shared by more than one protein within 
the entire proteome of the organism of interest. These so called “shared peptides” would 
otherwise create an ambiguity in the measurement since a change in the peptides amount 
cannot be traced back directly to the originating protein. In certain cases, shared peptides 
can provide useful information about the stoichiometric relations of proteins within one 
sample as demonstrated by Dost et al. (2012). In this study however, shared peptides 
were omitted using a background proteome database together with the targeted LC-MS 
software Skyline. This database includes the entire annotated proteome of C. glutamicum 
ATCC13032 (Kalinowski et al., 2003), that was digested in silico according to the protease 
characteristics of trypsin. This way, it was ensured that all screened peptides were unique 
for their corresponding protein. 
The second aspect qualifying any signature peptide is a strong signal intensity during the 
LC-MS analysis. Therefore, the peptide should ionize well; it should be a so called “good 
flyer”. On the other hand, it should have a favorable fragmentation pattern creating at least 
three well detectable product ions. The chemistry underlying the fragmentation behavior of 
protonated peptides has been studied intensively and can be explained qualitatively by 
the mobile proton model together with a set of fragmentation pathways. Together, they 
result in the typical a/b/c and x/y/z-product ions as well as some other species originating 
from non-sequence fragmentations (Paizs & Suhai, 2005). Furthermore, there are some 
known soft rules like the proline effect that allow limited predictions of dominant product 
ions (Schwartz & Bursey, 1992). For practical application however, it is still necessary to 
experimentally test any potential signature ion to identify its prominent product ions 
suitable for quantification. Furthermore, MS/MS spectra from different device types show 
significant differences in the quantitative distribution of product ions as reviewed by 
de Graaf et al. (2011).  
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Figure 5.2: Overview of the screening results for proteotypic peptides in C. glutamicum. For each 
protein three quantifiable peptides were desired. Peptides were screened in a targeted approach via 
information dependent acquisition of MS/MS spectra on a 4000QTRAP LC-MS system. In some cases the 
requirements could not be fulfilled as indicated by yellow and red symbols. For complete enzyme names refer 
to the list of abbreviations. 
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According to the above discussed prerequisites, signature peptides were studied in this 
thesis as followed: Using Skyline targeted LC-MS software, targeted proteins were 
digested in silico. Resulting peptides of 6-30 aa length were crosschecked for ambiguities 
against the C. glutamicum background proteome dataset and remaining potential 
signature peptides were fragmented in silico. Any possible mass transitions with m/z 
values ≥ 400 and product ion m/z higher than the precursor ion m/z were programmed in 
an LC-MS screening method’s survey scan. This scan triggered the acquisition of detailed 
MS/MS spectra using the linear ion trap. In total, 31 proteins were submitted to the 
targeted screening approach. The results are summarized in figure 5.2. 
For each targeted protein, at least three peptides should have been quantifiable. This 
allows an internal redundancy of the measurement which becomes important when one of 
the peptides is modified in the in vivo situation or during the extraction procedure. Any 
chemical modification of a signature peptide renders it invisible for the SRM measurement 
and as such could potentially deliver false signals for the corresponding protein if only one 
peptide is measured. Thus, a protein was accepted as quantifiable if three signature 
peptides with adequate signal intensities were detected. Out of the 31 screened proteins 
this was achieved for 20 proteins in tryptic digested crude extract of the C. glutamicum 
wild type ATCC13032. These proteins cover most of the glycolysis, TCA-cycle, 
anaplerosis and the glyoxylate shunt. Figure 5.3 shows the acquired MS/MS spectra for 
all 60 signature peptides used in the following parts of this study.  
For each peptide, the three most intense product ions with an m/z > m/z of the precursor 
ion were chosen for further optimization as quantifier mass transitions. In some cases 
product ions with higher abundance but an m/z < m/z of the precursor were found. This is 
clearly the case for the y4 ion of the enolase peptide AAADSAGLPLFR seen in figure 
5.1 A. Nevertheless, these transitions were not used for quantitative SRM assays because 
they create a higher background noise (Lange et al., 2008). This background noise results 
from the relatively low mass accuracy of triple quadrupole instruments. Due to this low 
resolution, the mass filtering function of the first quadrupole Q1 is not perfect and allows 
non-analyte ions with similar m/z values to pass into the fragmentation chamber where 
they might dismember as well. Usually, peptides are charged two or threefold during the 
ionization step. After the fragmentation, most of the abundant product ions keep only one 
charge and thus can have a higher m/z value than their parent ion. It was observed in this 
study that these transitions produce a very low background noise, while following smaller 
product ions often produced a much higher background. It is plausible that this 
background noise is created by smaller molecules which passed through the Q1 filter, 
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carry a single positive charge, and as such, can only produce fragments with smaller m/z 
values. 
Almost all product ions found suitable for quantification in this study were y-ions. This is 
the result of the used MS/MS hardware which tends to produce these ions with higher 
priority at standard CE settings (Holstein Sherwood et al., 2011). For some proteins, 
successful identification of signature peptides was not possible in crude extracts of cells 
grown on glucose, but on acetate. This was true for the glyoxylate shunt enzymes 
isocitrate lyase (ICL) and malate synthase (MS) as well as the anaplerotic enzyme 
phosphoenolpyruvate carboxykinase (PEPCk). These results were explained by later 
experiments addressing protein expression levels on different carbon sources (5.2.1). 
For a small number of proteins it was not possible to identify enough peptides to fulfill the 
defined requirements for a quantitative assay. The phosphotransferase system enzyme I, 
transferring inorganic phosphate from phosphoenolpyruvate to glucose units during their 
uptake, could be identified only by a single peptide. The same holds true for the glycolysis 
enzymes hexosephosphate isomerase (HPI, two peptides), triosephosphate isomerase 
(TPI) and the last enzyme of oxidative pentose phosphate pathway (Gnd). Furthermore, 
six targeted enzymes could neither be identified nor quantified. These were the two 
remaining oxidative PPP enzymes glucose-6-phosphate dehydrogenase (G6PDH) and 
6-phosphogluconolactonase (DevB), the cytoplasmic hexokinase HK, all subunits of the 
two TCA-cycle enzyme complexes succinyl-CoA synthetase (SucCD) and succinate 
dehydrogenase (SdhCAB), as well as the anaplerotic malic enzyme (ME). 
Several factors can possibly explain why no peptides of these proteins were detected. 
First, the protein might not be expressed under the given conditions or the protein amount 
is too low to be detected. Second, a peptide cannot be detected if it carries a post-
translational modification such as phosphorylation, acetylation or oxidation of amino acid 
side chains. Due to the resulting mass change these modifications render the peptide 
invisible in the MS/MS analysis unless the changed mass transitions are specifically 
searched as well. That is however not suitable for a larger number of peptides in a 
targeted study. Finally, there is the possibility that a given protein’s aa sequence does not 
produce any well detectable peptides at all when digested with trypsin. Especially for 
small proteins the reason might be a combination of several effects. The digest of such a 
protein delivers a relatively small number of peptides. Some of them are ruled out due to 
size or ambiguity and the remaining candidates can be subjected to modifications or 
simply be “bad flyers”.  
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Figure 5.3: Acquired MS/MS spectra for 20 central metabolic enzymes of C. glutamicum. Peptides were 
screened in a targeted approach via information dependent acquisition of MS/MS spectra on a 4000QTRAP 
LC-MS system. Product ion transitions chosen as quantifier mass transitions are highlighted in red and the ion 
type (e.g. y7) is indicated above the corresponding mass peak. The last three characters of each identifier 
represent the first three aa of the corresponding peptide. 
 
A good way to cope with limiting expression levels is to test crude extracts from different 
physiological states of the cell as seen for the GLX enzymes in acetate grown cells in this 
study. However, this was not successful for the above mentioned enzymes despite 
reported gene expression and carbon flux through the according pathways for most of 
these enzymes (Marx et al., 1996; Vallino & Stephanopoulos, 1993). The enzyme 
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complex SdhCAB is known to be membrane associated and might require a modified 
sample preparation protocol for reliable identification and quantification as demonstrated 
before (Poetsch & Wolters, 2008). Only very little data is available about SucCD (Eggeling 
& Bott, 2005). Its expression had been questioned since there are indications of 
alternative succinylating enzymes for this reaction and so far no effect of a deletion mutant 
has been published. However, some transcriptional regulations have been reported (Cho 
et al., 2010). As such, the absence of detectable signature peptides in this study should 
not be interpreted as evidence for the absence of SucCD in glucose or acetate grown 
cells of C. glutamicum. This holds true for the malic enzyme (Krause et al., 2012) and the 
PPP enzymes as well (Frunzke et al., 2008). 
5.1.2 Optimization of SRM transitions 
After successful identification of signature peptides the three most intense product ions 
were chosen as quantifier mass transitions. In order to increase signal intensities and as 
such increase the sensitivity of the measurement, collision energies were optimized for 
each transition. The collision energy is determined by the voltage of the electric field 
accelerating the precursor ions prior to their impact at the nitrogen gas atoms inside the 
CID-cell. With higher acceleration the precursor ions carry more kinetic energy into the 
collision which modulates the resulting fragmentation pattern drastically.  
For peptides, the collision energy usually shows a single optimum for each desired 
product ion (Maclean et al., 2010) and this effect has been confirmed in this study 
(figure 5.1 B). The resulting optimal collision energies for each mass transition of the 60 
measured peptides are summarized in table 5.1. Besides the collision energy, there are 
three other MS/MS parameters which can be optimized for each compound, namely the 
declustering potential (DP), the entrance potential (EP) and the collision cell exit potential 
(CXP). According to the MS/MS manufacturer, EP and CXP have rather little influences 
on the signal intensity and default values of 10 V and 12 V were used for EP and CXP, 
respectively. The declustering potential is used to disrupt ion clusters formed during the 
electro spray ionization. As such, the DP is not transition but precursor dependent and 
was calculated according to the equation DP [V] = 0.0729 * precursor m/z + 31.117 
(MacLean et al., 2010). The resulting DP-values were varied for signature peptides of 
several TCA-cycle enzymes but no significant increases in signal intensities were 
detected (results not shown). Thus, default DP values calculated from the equation above 
were used for all peptides in this study and are given in table 5.1 as well. 
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Table 5.1: Proteins, peptides, mass transitions and measurement parameters used for relative 
quantification of C. glutamicum central carbon metabolism enzymes (modified from Voges & Noack, 
2012). Signature peptides were identified by collision induced fragmentation and subsequent analysis of 
MS/MS fragment patterns. Intense mass transitions were optimized regarding MS/MS parameters. For full 
enzyme names refer to the list of abbreviations. Cg numbers in parenthesis refer to the KEGG database 
(Kyoto encyclopedia of genes and genomes). 
protein 
parent ion 
m/z [Da] 
measured product ions 
(m/z [Da], CE [V]) 
sequence 
charge 
[-] 
DP 
[V] 
PFK 
(cg1409) 
740.9 y12 (1181.7, 35.0), y9 (865.6, 33.0), y7 (695.4, 37.0) WLSDNGIPVVGVPK 2 85.1 
517.3 y8 (934.5, 24.2), y7 (803.4, 21.2), y6 (690.4, 26.2) VMIVEVMGR 2 68.8 
372.7 y6 (673.4, 19.0), y5 (616.4, 19.0), y4 (503.3, 20.0) AGIDQIK 2 58.3 
FBA 
(cg3068) 
771.4 y9 (1115.5, 35.7), y8 (952.4, 37.7), y7 (851.4, 35.7) AGANLYTSPEDFEK 2 87.3 
618.3 y9 (993.6, 30.0), y8 (864.5, 27.0), y7 (793.5, 27.0) IEEALTYGVIK 2 76.2 
502.8 y8 (790.4, 21.4), y7 (675.4, 24.4), y6 (604.3, 24.4) TIDAIGTGEK 2 67.8 
PGK 
(cg1790) 
858.5 y13 (1315.7, 40.7), y10 (1018.6, 39.7), y7 (659.4, 39.7) IAESPEAPYVVVLGGSK 2 93.7 
492.8 y9 (871.5, 24.8), y7 (715.4, 23.8), y6 (602.4, 23.8) IGVIEALAAK 2 67 
533.3 y8 (804.4, 23.1), y7 (747.4, 24.1), y6 (618.4, 23.1) NFGEVLSTAK 2 70 
PGM 
(cg0482) 
769.9 y8 (1032.5, 42.6), y7 (885.5, 42.6), y6 (756.4, 42.6) FVPYFEEEILPR 2 87.2 
565.3 y7 (730.4, 24.0), y6 (659.3, 27.0), y5 (546.3, 25.0) TANIALNAADR 2 72.3 
524.3 y7 (813.4, 24.6), y6 (698.4, 27.6), y5 (585.3, 24.6) YADLDVVPR 2 69.3 
ENO 
(cg1111) 
594.8 y8 (860.5, 30.6), y7 (773.5, 27.6), y6 (702.4, 25.6) AAADSAGLPLFR 2 74.5 
408.3 y7 (744.5, 22.0), y6 (673.4, 19.0), y5 (559.4, 20.0) AANSILVK 2 60.9 
403.7 y5 (643.4, 22.7), y4 (529.3, 18.7), y3 (401.3, 20.7) YNQLLR 2 60.5 
PK 
(cg2291) 
591.3 y10 (1011.6, 29.4), y8 (841.5, 29.4), y7 (728.4, 24.4) AVGILADLQGPK 2 74.2 
426.7 y6 (696.4, 17.1), y5 (583.3, 19.1), y4 (496.3, 23.1) GVISYSAR 2 62.2 
425.2 y6 (736.3, 24.0), y5 (605.3, 19.0), y4 (490.2, 25.0) IMDEEGR 2 62.1 
PDHC E1 
(cg2466) 
561.8 y8 (910.5, 24.8), y6 (700.4, 31.8), y5 (587.3, 31.8) LVPIIPDEAR 2 72.1 
481.8 y8 (758.5, 21.2), y7 (645.4, 23.2), y6 (532.3, 23.2) GFLLGATAGR 2 72.1 
436.2 y5 (701.4, 18.6), y4 (538.3, 23.6), y3 (425.2, 20.6) GIYLYSR 2 66.2 
PEPCx 
(cg1787) 
721.4 y6 (765.4, 26.4), y5 (636.4, 24.4), y3 (480.3, 24.4) ILATTAELIGEDAVEGVWFK 3 83.7 
447.8 y7 (781.4, 23.3), y6 (680.4, 19.3), y5 (593.3, 24.3) LTSFDIAK 2 63.8 
403.7 y5 (692.4, 18.7), y3 (416.3, 18.7) NYLLQR 2 60.5 
PEPCk 
(cg3169) 
695.4 y8 (830.5, 34.4), y7 (731.4, 31.4), y6 (602.4, 32.4) MAEDLVEAGTLIK 2 81.8 
648.3 y8 (849.4, 29.7), y7 (752.3, 37.7), y6 (695.3, 32.7) FLWPGFGDNSR 2 78.4 
438.7 y7 (745.4, 23.7), y5 (575.3, 22.7), y4 (446.3, 22.7) MGIEALDK 2 63.1 
PCx 
(cg0761) 
824.9 y12 (1202.6, 38.8), y9 (829.4, 37.8), y6 (584.3, 43.8) GLYLPFESGTPGPTGR 2 91.3 
670.3 y7 (867.5, 28.9), y6 (766.4, 28.9), y5 (603.4, 29.9) SAEGQTYPIVFK 2 80 
433.7 y6 (632.3, 21.5), y5 (561.3, 22.5), y4 (474.3, 22.5) SFASEAVR 2 62.7 
CS 
(cg0949) 
376.9 y7 (801.4, 20.8), y6 (688.4, 20.8), y5 (617.3, 21.8) VPMLAAYAHR 3 58.6 
653.9 y8 (816.4, 31.0), y7 (701.4, 31.0), y5 (529.3, 37.0) ITYIDGDAGILR 2 78.8 
397.2 y5 (646.3, 19.4), y4 (532.3, 19.4), z5 (630.3, 23.4) FNDEIR 2 60.1 
ACN 
(cg1737) 
422.3 y6 (685.4, 18.8), y5 (571.4, 23.8), y4 (458.3, 18.8) GTNLLGIR 2 61.9 
389.7 y5 (620.4, 16.9), y4 (473.3, 21.9), y3 (402.2, 21.9) GTFANIR 2 59.5 
387.2 y6 (660.4, 20.8), y5 (547.3, 18.8), y4 (434.2, 22.8) ILLSEAK 2 59.3 
ICD 
(cg0766) 
642.9 y9 (943.5, 29.4), y8 (830.5, 29.4), y6 (630.4, 29.4) VGNALAELGELAK 2 78 
633.9 y8 (829.5, 31.9), y7 (742.4, 33.9), y4 (485.3, 35.9) LPNISASVPQLK 2 77.3 
446.9 y7 (827.5, 23.9), y6 (714.4, 23.9), y5 (567.3, 23.9) VSDPIIFGHVVR 3 63.7 
ODHC E1 
(cg1280) 
405.2 y5 (696.3, 20.8), y4 (565.3, 18.8), y3 (418.2, 18.8) LMFENR 2 60.7 
392.8 y6 (600.4, 18.1), y5 (501.3, 18.1), y4 (402.3, 23.1) ALVVAAIK 2 59.7 
367.2 y6 (634.4, 17.7), y5 (503.3, 17.7), y4 (390.2, 18.7) VMLVSGK 2 57.9 
Fum 
(cg1145) 
721.4 y6 (670.3, 28.4), y5 (523.3, 24.4), b7 (768.4, 31.4) THLMDAVPVTLGQEFGGYAR 3 83.7 
393.2 y6 (686.4, 23.1), y5 (557.3, 18.1), y4 (486.3, 20.1) VEATLPR 2 59.8 
437.2 y6 (703.4, 18.7), y5 (574.3, 18.7), y4 (487.3, 20.7) GLESAQIR 2 63 
MQO 
(cg2192) 
696.9 y10 (1109.5, 32.5), y9 (962.5, 32.5), y8 (905.5, 30.5) GLLFGPYGGWTPK 2 81.9 
482.8 y7 (801.5, 21.3), y6 (688.4, 22.3), y5 (589.4, 23.3) YLVTEVLK 2 66.3 
373.2 y5 (559.4, 19.0), y4 (446.3, 19.0), y3 (347.2, 22.0) WIVTVK 2 58.3 
MDH 
(cg2613) 
385.2 y5 (622.3, 20.7), y4 (508.2, 17.7), y2 (306.2, 19.7) FNAMMR 2 59.2 
416.3 y6 (647.4, 17.5), y5 (560.3, 22.5), y4 (432.3, 23.5) AISQLATK 2 61.5 
443.8 y5 (629.4, 20.0), y4 (516.3, 19.0), y3 (403.2, 20.0) GAEIIEVR 2 63.5 
ICL 
(cg2560) 
402.2 y7 (879.5, 22.6), y6 (782.4, 24.6), y5 (681.4, 24.6) VLIPTQQHIR 3 60.4 
755.9 y10 (1041.6, 41.8), y9 (970.6, 39.8), y8 (856.5, 36.8) LAADVANTPTVVIAR 2 86.2 
407.3 y6 (700.4, 21.9), y5 (586.4, 21.9), y4 (472.3, 20.9) INNALLR 2 60.8 
MS 
(cg2559) 
761.4 y9 (1031.6, 42.1), y8 (884.5, 37.1), y7 (785.5, 38.1) VLYDFVTEAVLPR 2 86.6 
659.9 y9 (1118.6, 34.3), y7 (903.5, 34.3), y6 (772.4, 34.3) ISSQMLANWIR 2 79.2 
633.8 y8 (935.5, 30.9), y7 (822.4, 30.9), y6 (708.4, 30.9) LAFINTGFLDR 2 77.3 
LDH 
(cg3219) 
635.3 y10 (1024.5, 33.9), y9 (937.5, 31.9), y6 (604.3, 28.9) GSTSYGIGMGLAR 2 77.4 
587.8 y10 (962.5, 30.2), y9 (905.5, 28.2), y8 (818.4, 25.2) VIGSGTVLDSAR 2 74.0 
504.7 y7 (861.4, 27.5), y6 (774.4, 25.5), y4 (604.3, 23.5) FSGLEWNR 2 67.9 
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5.1.3 Development of scheduled SRM 
As discussed in the last chapter, signal intensities are important for a sensitive analysis 
and can be improved using a set of optimized MS/MS parameters. Furthermore, the signal 
intensities of a single analyte are heavily determined by the amount of time that is 
available to observe this analyte. This time, called “dwell time”, is determined by the 
speed of the MS/MS device, the number of analytes measured in one cycle and the 
desired number of data points per time which directly influences the cycle time. 
To understand these effects it is important to remember how the MS/MS operates in 
selected reaction monitoring mode: Given an analysis of 10 compounds with three mass 
transitions each, the device has to measure 30 mass transitions per cycle. These 
measurements need to be carried out subsequently, since the device can only measure 
one mass transition at a time. The signal intensity increases the longer the device 
observes a single mass transition. A good value for this dwell time is >100 ms. In the 
above mentioned example this would result in a cycle time of 3.15 s (30 * 100 ms dwell 
time + 30 * 5 ms setup time between transitions). Given an average elution time of 30-60 s 
this method would easily fulfill the general requirement of at least 15 data points per 
chromatographic peak. This number is generally accepted to allow a good peak area 
determination and hence a reliable quantification (Kromidas & Kuss, 2008). 
Transferring the above considerations to the concrete conditions of this study reveals a 
challenge for method setup: 60 analytes had to be measured with three transitions each, 
resulting in 180 transitions per cycle. This number doubles when an internal standard is 
used for quantification (compare 5.1.4). Even with a reduced dwell time of 50 ms the 
resulting cycle time would be 19.8 s which would clearly fail to provide enough data points 
for reliable peak detection and quantification.  
Scheduled SRM was used to solve this challenge. In this mode, each mass transition is 
only measured in a predefined measurement window centered on the known 
chromatographic retention time of the corresponding analyte. Width of the measurement 
windows was set to 4 min and the maximum allowed cycle time was limited to 4 s. Thus, 
the maximum number of transitions, that had to be measured in one cycle, was lowered to 
approximately 80, and the cycle times were usually below 2 s providing 15-20 data points 
per analyte peak as depicted in figure 5.4. 
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Figure 5.4: Peptide measurements applying scheduled SRM. A: Planning of scheduled measurements. In 
order to increase signal intensities and ensure >15 data points per chromatographic peak it was necessary to 
reduce the number of mass transitions measured per cycle. Application of scheduled SRM with a 4 min 
retention time window and a maximum allowed cycle time of 4 s (usually < 2 s) reduced this number from 358 
to <80 mass transitions. B: Increased data points per chromatographic peak using scheduled SRM for peptide 
TANIALNAADR of C. glutamicum phosphoglycerate mutase (PGM). Left: Regular SRM measurement of 108 
mass transitions for 36 peptides, no IDMS. Right: Scheduled SRM, 358 transitions for 60 sample peptides and 
their corresponding internal standard peptides (modified from Voges & Noack, 2012).  
5.1.4 Integration of a 15N labeled internal standard 
The entire proteome of C. glutamicum consists of approximately 3300 proteins judged 
from genome annotation (Ikeda & Nakagawa, 2003; Kalinowski et al., 2003). Although 
probably not all proteins are expressed in a given physiological state, tryptic digestion of 
the entire proteome will result in a highly complex mixture of several thousand proteolytic 
peptides with an average length of ~14 aa (Burkhart et al., 2012). This mixture is far too 
complex to be separated completely by the HPLC method used in this study. Therefore, it 
cannot be ruled out that coeluting peptides influence detectability and signal intensities of 
targeted signature peptides during subsequent MS/MS measurements e.g. via ion 
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suppression (Kebarle & Tang, 1993). Furthermore, the sample preparation, and especially 
the tryptic digest is heavily error prone. Burkhart et al. (2012) reported relative standard 
deviations for peak areas ranging from 24 to 54 % and missed cleavages of approximately 
20 % for different commercially available trypsin proteases.  
Isotope dilution mass spectrometry (IDMS) is based on the application of an isotopically 
labeled internal standard (IS) which can correct for the aforementioned sources of 
measurement errors. The use of stable isotopes has been described for accurate relative 
quantification of peptide amounts as well as their degree of modification e.g. 
phosphorylation (Oda et al., 1999). To generate the standard, several different labeling 
strategies are possible. In all cases, cells are grown on defined media containing at least 
one nutrient as a stable heavy isotope. Cells are harvested and extracted proteins are 
used as internal standards during LC-MS analysis.  
Labeling can be introduced by pre-labeled amino acids like 13C15N-Lys and 13C15N-Arg. 
This method, called SILAC (stable isotope labeling by amino acids), has the advantage of 
a homogenous labeling pattern since each tryptic peptide will carry a single labeled amino 
acid introducing a known additional molecular weight (Ong et al., 2002). On the other 
hand, SILAC requires relatively expensive labeled amino acids and strains of the targeted 
microorganisms which are auxotrophic for Lysine and Arginine. Especially in the case of 
the amino acid producing bacteria C. glutamicum, it is not desirable to generate an 
internal standard lacking proteins for biosynthesis of the major biotechnological products 
of this organism.  
Alternatively, C. glutamicum proteins can be labeled by growing the cells on uniformly 
labeled 13C-glucose or (15NH4)2SO4. However, the use of uniformly labeled glucose would 
introduce a relatively high additional molecular weight (refer to table 5.2). This could lead 
to isotope effects in SRM analysis, since fragmentation of the analyte ions, impacting the 
collision gas during MS/MS, is based on their kinetic energy, which is again dependent on 
their mass. Use of heavy nitrogen instead of 13C glucose introduces a lower mass shift of 
approximately 1 Da per amino acid which is sufficient for the MS/MS analysis but less 
likely to cause isotope effects than 13C labeling. 
Thus, 15N labeled proteins were used as internal standards for relative quantification in 
this study (figure 5.1 D). Because some targeted proteins showed rather low abundances 
in crude extracts from cells grown on glucose, the internal standard had to be 
supplemented with these proteins. Therefore, 15N crude extracts from glucose grown cells 
were supplemented with 15N extracts from acetate grown cells at a ratio of 3:1.  
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Table 5.2: Calculation of the monoisotopic mass of peptide AANSILVK in neutral state.  
# aa m (
12
C/
14
N) m (
13
C/
14
N) m (
12
C/
15
N) SILAC* 
1 A 71 74 72 71 
2 A 71 74 72 71 
3 N 114 118 116 114 
4 S 87 90 88 87 
5 I 113 119 114 113 
6 L 113 119 114 113 
7 V 99 104 100 99 
8 K* 128 134 130 136 
 H2O 18 18 18 18 
mass [Da]: 814 850 824 822 
mass shift [Da]:  36 10 8 
 
When using an internal standard, the raw data readout from the LC-MS analysis is no 
longer the peak area but the area ratio of light sample and corresponding heavy IS peaks. 
Mean peak area ratios v14/15N of experimental replicates are used to calculate the relative 
peptide amount νpeptide within a set of samples against the predefined reference samples:  
n
i
N
i
N
iN
A
A
n 1 15
14
15/14 1
 (3) 
N
reference
N
sample
peptide
v
v
15/14
15/14
 
(4) 
Corresponding errors Δνpeptide are estimated applying the Gaussian law of error 
propagation from standard deviations of peak area ratios (σ14/15N), under the assumption of 
normally distributed measurements: 
peptideN
reference
N
reference
N
sample
N
sample
peptide
v
vv
*
2
15/14
15/14
2
15/14
15/14
 
(5) 
5.1.5 Method validation 
A three step validation was carried out to verify the accuracy and reliability of the 
measurement data. Serial dilutions of targeted peptides as well as long term stability tests 
were used for technical validation of quantitative peptide signals from the LC-MS analysis. 
Furthermore, a strain series with known enzyme modulations was used for method 
validation in a complex biological background. 
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5.1.5.1 Technical validation 
Serial dilutions of peptide solutions, derived from tryptic digested crude extracts of 
C. glutamicum, were analyzed with the optimized LC-MS method to validate the linear 
measurement range (compare figure 5.1 C). Quantification of 14N peak areas resulted in 
good linear responses for all targeted peptides (supplementary figures 1-5). The linear 
range was determined from 78 ng to 5 µg of total protein applied to the LC-MS setup with 
R² values ≥ 0.98. 
Furthermore, long term stabilities of the targeted peptides were analyzed. Therefore 14N 
sample proteins were digested together with 15N internal standard proteins and subjected 
to repeated LC-MS measurements. Results are summarized in figure 5.5. Stable peak 
area ratios were detected for all tested analytes in 40 repeated measurements over a 
period of 72 h. During this time, the sample was stored at 6 °C in the HPLC autosampler 
unit. After every five sample injections a blank sample (water) was measured. No analyte 
peaks were detected in the water samples with one exception: For PEPCx peptide 
ILATTAELIGEDAVEGVWFK a small carryover was detected. This peptide was the largest 
and most hydrophilic of all peptides in this study eluting as the last peptide when the 
percentage of acetonitrile was already increased to 60 %. Using an even higher 
acetonitrile concentration was able to reduce the carryover but had negative effects on the 
binding of more hydrophilic peptides during the next sample run without greatly extended 
equilibration times (results not shown). The observed carryover did, however, not lead to 
an increase of 14N or 15N peak areas for this single peptide if water blanks were included 
every five samples. As such, this procedure was applied for all measurement sets in this 
study as a compromise between analysis time and stability.  
The results clearly show the high stability achieved by the sample preparation method 
described in Materials and Methods (4.2.6.9). Trypsin was removed by the 10 kDa MWCO 
filter step preventing any unspecific activity e.g. due to self-cleavage of trypsin and 
resulting psi-trypsin activity (Keil, 1992). The same holds true for any other endogenous 
protease resistant to tryptic cleavage. Extended stability was an important requirement for 
measurement of large sample sets which is fulfilled by the presented method.  
In-depth analysis of the sole 14N and 15N peak areas revealed a surprising result: Almost 
all peptides showed not only stable peak area ratios but also stable raw peak areas over 
time. However, there were five peptides which showed significantly increasing signal 
intensities for their 14N and 15N variants (figure 5.6). The increases were in the same order 
of magnitude for corresponding 14/15N pairs and reached up to 70 % higher peak areas 
after 72 h of continuous measurements (table 5.3). 
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Figure 5.5: Long term stability of peptides from tryptic digests of C. glutamicum crude extract. 50 µg of 
14
N sample proteins and 50 µg of 
15
N labeled internal peptide standard were simultaneously digested with 
1 µg trypsin in 100 µl total reaction volume. Peptides were diluted with 100 µl ultrapure water and filtered with 
10 kDa MWCO. Mass transitions of 60 peptides and their 
15
N labeled internal standards were measured 
repeatedly to assay analyte stability at 6 °C for 72 h. 
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Figure 5.6: Increasing signal intensities of five peptides during long term stability tests. Color codes 
are in accordance with figure 5.5. 50 µg of 
14
N sample proteins and 50 µg of 
15
N labeled internal peptide 
standard were simultaneously digested. Mass transitions of 60 peptides and their 
15
N labeled internal standard 
were measured repeatedly to assay analyte stability at 6 °C for 72 h. All other peptides showed stable signals 
over time as depicted exemplarily for aconitase (ACN) peptides ACN.GTN and ACN.GTF (bottom right).  
 
Table 5.3: Quantification of increasing signal intensities during 72 h long term stability tests. 
Protein Peptide
1,2 Phosphorylation  
in 2D gel
3
 
14
N area 
increase 
15
N area 
increase 
ACN ILLSEAK + 48 % 50 % 
FBA TIDAIGTGEK + 47 % 56 % 
MQO GLLFGPYGGWTPK - 70 % 69 % 
MS LAFINTGFLDR - 60 % 52 % 
ICD VGNALAELGELAK + 67 % 68 % 
1
 S, T, Y: common phosphorylation sites 
2
 H, R, K, C, E, D: non common phosphorylation sites 
3
 according to (Bendt et al., 2003) 
 
The most simple explanation for this effect could be evaporation. However, that can be 
excluded safely since almost all peptides are stable and the loss of sample volume from 
vials was experimentally determined to be less than 0.4 % in 72 h (results not shown). A 
second explanation could be incompletely digested peptides which are cleaved during the 
measurement period. This explanation is unlikely as well because trypsin and all other 
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possible proteases >10 kDa are removed during sample preparation. HPLC carryover can 
be excluded as well, judged from the clear blank samples for all affected peptides. Thus, 
the most plausible reason for the increasing signal intensities during SRM measurements 
is the release of native peptides by loss of post-translational modifications such as 
phosphorylation or alcylation. These modifications render the peptides invisible for the 
targeted MS/MS analysis and might spontaneously hydrolyze in aqueous solutions.  
Relatively little information is available on protein phosphorylation sites in C. glutamicum 
compared to other well studied organisms like E. coli (Macek et al., 2008), 
Arabidopsis thaliana (Durek et al., 2010; Sugiyama et al., 2008) or Drosophila 
melanogaster (Bodenmiller et al., 2007). For C. glutamicum, only one study using 2D SDS 
PAGE is available, in which 41 phosphoproteins were identified, yet not their exact 
phosphorylation sites (Bendt et al., 2003). Among these phosphorylated proteins were 
three of the proteins with increasing signal intensities for one peptide, namely aconitase 
(ACN), isocitrate dehydrogenase (ICD), and fructose bisphosphate aldolase (FBA). The 
other two proteins, malate-quinone oxidoreductase (MQO) and malate synthase (MS), 
were not detected as phosphoproteins in this gel-based approach. Four of five identified 
peptides carry typical residues for phosphorylation sites namely Ser, Thr or Tyr.  
Regarding phosphorylating enzymes, four serine/ threonine kinases (PknA/B/L/G) are 
known in C. glutamicum (Schultz et al., 2009). Their substrate spectrum, however, is 
studied poorly. So far it is known that PknG is involved in the phosphorylation of OdhI, a 
regulator protein for the oxoglutarate dehydrogenase ODHC (Niebisch et al., 2006). 
Furthermore, PknA and PknB play a role in cell division processes by phosphorylation of 
FtsZ (Fiuza et al., 2008). Information about other modifications e.g. alcylation are 
generally scarce. In summary, the finding of increasing peptide intensities might be a hint 
for post-translational modifications of these peptides and highlights the need for a 
systematic investigation of post-translational protein modifications in C. glutamicum. 
5.1.5.2 Analysis of PgltA strains with modified citrate synthase activity 
Besides the technical validation described before, a study employing a biological system 
with a known perturbation was desired to test the relative quantification method. A 
C. glutamicum strain series, rationally designed for L-lysine production, was investigated 
for this purpose. These strains were genetically modified to express gradually lower 
amounts of the enzyme citrate synthase (CS) encoded by gltA. This modification aimed 
for a reduced carbon flux through the TCA-cycle in order to increase anaplerotic carbon 
flux towards the L-lysine precursor oxaloacetate (van Ooyen et al., 2012). 
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Figure 5.7: Comparative analysis of transcriptome, proteome and metabolome in rationally designed 
L-Lysine producer strains. Starting from the L-lysine producer C. glutamicum DM1800 (ref) a strain series 
with gradually down regulated citrate synthase levels (A16, L1, C7) was created. A: Volcano plots of changes 
in protein/ peptide levels. B: Comparative multi-omics data analysis. Protein levels of modified strains were 
assayed in cells grown exponentially on glucose and showed extensive agreement with mRNA and metabolite 
data. Strains and mRNA data were kindly provided by Dr. Jan v. Ooyen (van Ooyen et al., 2012), sample 
material and metabolite data were kindly provided by Dr. Nicole Paczia (Paczia, 2012; Tillack et al., 2012). 
 
The native CS promoter carries multiple regulatory elements which allow for a complex 
regulation of the gltA gene expression by several regulatory proteins such as GlxR, RamA 
and RamB (van Ooyen et al., 2011). This native promoter was replaced in the L-lysine 
producer strains by a series of modified promoters of the constitutively expressed gene 
dapA. These promoter variants show different RNA polymerase II affinities and thus allow 
for a gradual expression of target genes in C. glutamicum under glucose growth 
conditions (Vasicová et al., 1999).  
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In fact, van Ooyen et al. reported that replacement of the native CS promoter PgltA by PdapA 
variants leads to a gradually decreased expression of the gltA gene which corresponded 
well with decreased CS enzyme activities along the strain series (van Ooyen et al., 2012). 
Furthermore, these strains were used recently for a study concerning with error 
propagation in metabolome quantification (Tillack et al., 2012). Consequently, these 
strains could provide a set of crude extracts with known modifications of certain protein 
amounts and a solid background of mRNA, enzyme activity and metabolite data. Taken 
together, these samples enabled a method validation under realistic conditions in a 
complex biological background. 
Therefore, cell pellets of the four different strains from the metabolome study, harvested 
during exponential growth in lab scale bioreactors on CGXII minimal media with 10 % 
(w v-1) glucose, were investigated regarding relative protein amounts. Proteins were 
extracted, mixed with heavy labeled IS proteins and digested with trypsin. Resulting 
peptides were quantified as described before and relative peptide levels were calculated 
in relation to the parent strain C. glutamicum DM1800 (figure 5.7 A). Plotting of the entire 
dataset on a log2 scale shows a high number of peptides with relatively stable amounts in 
all strains of the series. Peptides of some proteins however showed significant up or down 
regulations. All CS peptides showed decreasing levels throughout the strain series. 
Furthermore, the glyoxylate shunt enzymes ICL and MS showed strongly increased 
amounts of their peptides. The anaplerotic enzyme pyruvate carboxylase (PCx) showed a 
mild increase in peptide levels. The quantitative changes of peptide and thus protein 
amounts were in good agreement with the available mRNA data (van Ooyen et al., 2012) 
and together with the metabolome data (Tillack et al., 2012) reflect the altered metabolic 
conditions in the modified strains (figure 5.7 B). Notably, the measurements not only 
validated the intended genetic modification for gradually downregulated CS but also the 
increase in glyoxylate shunt enzymes ICL and MS. This overexpression was not intended 
by the strain construction but seems to be a spontaneous response of the organism to the 
changing metabolic conditions, most probably the higher availability of acetyl-CoA.  
Summarizing method development, quantitative assays were established for 60 signature 
peptides of 20 key metabolic enzymes from the industrially relevant bacterium 
C. glutamicum. All peptides were identified by information dependent acquisition of 
MS/MS spectra and quantitative mass transitions were optimized for maximum signal 
intensity and specificity over a broad linear measurement range. The use of scheduled 
SRM allows for the relative quantification of all 60 peptides in a single LC-MS sample run, 
lasting only 90 min including equilibration times for HPLC and MS/MS compartments. Due 
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to a very simple and robust sample preparation and the use of an internal standard 
labeled with the stable nitrogen isotope 15N, the method provides reliable quantification of 
the targeted peptides directly from crude extracts. No further error prone treatment like 
fractioning or peptide enrichment and depletion is necessary. The method has been 
intensively validated concerning the linear range of applied sample amount, long term 
stability of samples and accurate quantification of peptides in a complex biological 
background with known perturbations.  
5.2 C. glutamicum proteome dynamics with respect to 
C-source availability 
The method for relative quantification of metabolic enzymes developed in this work was 
used for an in-depth analysis of protein levels during growth of C. glutamicum on a wide 
range of different carbon sources. Furthermore, the dynamic response of the cells towards 
changing cultivations conditions and growth phases was investigated.  
5.2.1 Growth of C. glutamicum on multiple carbon sources 
C. glutamicum is able to grow on a variety of sole carbon sources. The substrate 
spectrum comprises sugars like glucose or fructose as well as some sugar alcohols, 
organic acids and amino acids (Kinoshita et al., 1958). In this study a comprehensive 
analysis of protein level adaptations during growth on several carbon sources was carried 
out. For this purpose, the wild type C. glutamicum ATCC13032 was precultivated in CGXII 
defined media with glucose as the sole carbon source. Cells were washed with CGXII 
defined media containing the new carbon source and then grown in the microscale 
cultivation system BioLectorTM until mid-exponential phase (figure 5.8).  
From backscattered light signal it was derived that glucose (µmax = 0.42 ± 0.01 h
-1) and 
fructose (0.53 ± 0.02 h-1) grown cells showed the highest growth rates followed by a 
glucose-acetate mixture (0.40 ± 0.01 h-1) and the sugar alcohol arabitol (0.31 ± 0.01 h-1). 
In contrast, cells grown on acetate (0.33 ± 0.01 h-1) or lactate (0.32 ± 0.02 h-1) showed 
significantly decreased growth rates, while growth on glutamate (0.04 ± 0.01 h-1) or 
mannose (0.04 ± 0.01 h-1) was heavily impaired. Dissolved oxygen signals showed an 
exponential decrease for all cultures, except for glutamate and mannose grown cells, 
where no reduction of dissolved oxygen was measured within 68 h. Furthermore, a strong 
increase of dissolved oxygen was detected in the glucose-acetate culture after ~14 h 
followed by another exponential decrease.  
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Figure 5.8: Growth of C. glutamicum ATCC13032 on various carbon sources. A: C. glutamicum wild type 
ATCC13032 was grown in a microscale cultivation system (BioLector
TM
) on eight different sole carbon sources 
covering sugars, organic acids, a sugar alcohol and an amino acid. Growth was monitored using 
backscattered light, and the circles indicate harvesting of five cavities for subsequent proteome analysis 
(n = 5). Dissolved oxygen was monitored using fluorescent optode spots in each MTP cavity B: Network 
representation of  C. glutamicum central carbon metabolism including the assimilation pathways for each 
carbon source investigated in this study. 
 
For all carbon sources a stable pH signal around 7.0 was observed throughout the 
cultivation (results not shown). Cell pellets of five replicate cultures for each growth 
condition were harvested in mid exponential phase and used for relative protein 
quantification as described before.  
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Figure 5.9: Volcano plot of relative peptide levels in C. glutamicum ATCC13032 grown exponentially 
on acetate (left) or a mixture of glucose and acetate (right). Proteins were extracted from cells harvested 
during exponential growth and digested with trypsin. 
15
N labeled crude extract served as an internal standard. 
Relative peptide amounts were determined by targeted LC-MS peptide quantification. Peptide levels are 
compared to growth on glucose as the sole carbon source (n = 5). 
 
Glucose grown cells were set as reference sample and relative protein amounts were 
calculated for all other growth conditions (figures 5.9 - 5.12, supplementary table 1). A 
summary of all results in the context of the biochemical network is depicted in figure 5.13. 
5.2.2 Protein adaptation during growth on acetate 
For acetate grown cells, a significant reduction was found for almost all glycolytic 
enzymes. On the other hand, several TCA-cycle enzymes like ACN and fumarase (Fum) 
were overexpressed. The anaplerotic enzyme phosphoenolpyruvate carboxykinase 
(PEPCk) was found in approximately 4-5-fold higher amounts and the two glyoxylate 
shunt enzymes showed the strongest increases measured in this study. When 
C. glutamicum was grown on a mixture of glucose and acetate there was no decrease in 
glycolytic enzymes detectable. The overexpression of PEPCk, ICL and MS was observed 
again although the increase was lower than on pure acetate.  
Measured protein modulations on acetate were in good agreement with known changes in 
the metabolic state of C. glutamicum during growth on this gluconeogenetic carbon source 
(reviewed in Gerstmeir et al., 2003). The available acetate is activated via acetyl-CoA by 
proteins encoded on the ack-pta operon. Acetyl-CoA is converted within the central 
carbon metabolism through citrate synthase and malate synthase reactions. Accordingly, 
a strong overexpression of the glyoxylate shunt enzymes ICL and MS is expected and 
was found here. The same holds true for the TCA-cycle enzymes ACN and Fum, which 
are overexpressed as well. Biomass precursors originating from glycolysis and pentose 
phosphate pathway intermediates are generated by gluconeogenesis, which is fueled by 
the PEPCk reaction. Therefore, PEPCk is found in higher abundance, while most 
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enzymes from glycolysis are found less abundant, despite the fact that most of them have 
gluconeogenetic functions as well.  
In contrast to most other bacteria, C. glutamicum can utilize acetate and glucose in 
parallel (Wendisch et al., 2000). As seen in figure 5.8 A, no diauxic shift was observed in 
the biomass related backscatter signal during growth on the glucose-acetate mixture. 
However, the shift in oxygen consumption after approximately 14 h might indicate 
depletion of acetate since it was added to the culture in lower amounts and shows a 5-fold 
higher consumption rate (Gerstmeir et al., 2003). As such, it is unlikely that the observed 
changes of protein levels, compared to growth on glucose or acetate alone, represent the 
situation during parallel growth. In fact, the data might rather show an intermediate state 
during adaptation from the mixture to glucose as the sole carbon source. 
5.2.3 Protein adaptation during growth on lactate 
A remarkable result was found for lactate grown cells. Almost all measured enzymes, 
independent of their metabolic pathway, were found in significantly higher amounts than 
on glucose. The strongest increase was found for PEPCk, while the lactate 
dehydrogenase (LDH) showed no significant increase during growth on lactate. 
The results obtained for lactate were not observed for any other carbon source, growth 
condition or strain comparison tested in the course of this thesis. The applied method for 
relative quantification normalizes the compared samples by the amount of total protein 
used for the analysis. Thus, a massive reduction of a protein or group of proteins that 
represent a major fraction of the entire proteome could, in principle, lead to a false positive 
interpretation of uniform overexpression. However, the results shown here were 
reproduced in bioreactor cultivations (compare 5.2.9). During these experiments, no 
phenotypic changes, e.g. regarding cell morphology, were detected, which would be 
expected if changes of structural proteins would lead to a change in total protein 
composition. Furthermore, the observed proteins showed distinct differences in their 
grade of regulation and three proteins, LDH, phosphoenolpyruvate carboxylase (PEPCx) 
and pyruvate kinase (PK), remained relatively stable. Consequently, the observed general 
overexpression of central metabolic enzymes during growth on lactate seems to be a true 
metabolic response. Until now, the reasons behind these modulations remain unclear 
except for PEPCk, which likely plays the key role of fueling gluconeogenesis as seen for 
growth on acetate before. Stability of the LDH is explained by the catabolic activity of the 
quinone-dependent lactate dehydrogenase LldD (Stansen et al., 2005). 
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Figure 5.10: Volcano plot of relative peptide levels in C. glutamicum ATCC13032 grown exponentially 
on lactate (left) and L-glutamate (right). Proteins were extracted from cells harvested during exponential 
growth and digested with trypsin. 
15
N labeled crude extract served as an internal standard. Relative peptide 
amounts were determined by targeted LC-MS peptide quantification. Peptide levels are compared to growth 
on glucose as the sole carbon source (n = 5). 
5.2.4 Protein adaptation during growth on L-glutamate 
Growth of C. glutamicum on L-glutamate, one of its major commercial products, is 
possible but growth rates are approximately one order of magnitude lower than on 
glucose. Consequently, samples had to be taken after almost three days to create enough 
biomass for a quantitative protein analysis. 
Relative protein quantification revealed an increase in Fum and PEPCk. Both can be 
explained by the required carbon flux through the oxidative part of the TCA-cycle and the 
gluconeogenetic function of PEPCk. Furthermore, the amount of CS was reduced. Since 
glutamate enters central carbon metabolism via the glutamate dehydrogenase (GDH) 
reaction at oxoglutarate, a reduction of CS might represent a lower flux entering the TCA-
cycle and therefore is in good agreement with the former results. The same holds true for 
the anaplerotic enzyme pyruvate carboxykinase (PCx). Overexpression of ACN, however, 
does not fit into this picture. Significant increase of malate dehydrogenase (MDH) and 
decrease of malate-quinone oxidoreductase (MQO) might point to a problem in redox 
balance: The GDH reaction produces one NADH2 for each molecule of glutamate 
consumed. Another reduction equivalent is produced by the oxoglutarate dehydrogenase 
complex (ODHC). Thus, one can speculate that MDH serves as an electron sink by 
reconverting oxaloacetate into malate, which is then converted into oxaloacetate again by 
MQO. This way, more reductive power could be transferred via the menaquinone complex 
to the respiratory chain for ATP generation. 
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Figure 5.11: Volcano plot of relative peptide levels in C. glutamicum ATCC13032 grown exponentially 
on mannose (left) and fructose (right). Proteins were extracted from cells harvested during exponential 
growth and digested with trypsin. 
15
N labeled crude extract served as an internal standard. Relative peptide 
amounts were determined by targeted LC-MS peptide quantification. Peptide levels are compared to growth 
on glucose as the sole carbon source (n = 5). 
Overall, C. glutamicum seems to be able to adapt its central carbon metabolism to L-
glutamate as the sole carbon source. The uptake of L-glutamate, however, was shown to 
be a limiting step for growth (Krämer & Lambert, 1990; Krämer et al., 1990). Thus, the 
strongly reduced growth rate might rather be an effect of limited import capacities than a 
specific metabolic burden. 
5.2.5 Protein adaptation during growth on fructose 
Fructose as the sole carbon source resulted in a very similar picture like glucose grown 
cells regarding both growth characteristics and relative enzyme amounts. All glycolytic 
and TCA-cycle enzymes showed stable amounts. Relative protein quantification however 
revealed some significant differences: The L-lactate producing enzyme LDH was 
overexpressed. In contrast, the expression of glyoxylate shunt enzymes ICL and MS was 
strongly reduced compared to glucose grown cells. These findings are in good agreement 
with the predominant production of lactate instead of acetate as primary overflow 
metabolite on fructose (Dominguez et al., 1998). The LDH level is probably controlled by 
the transcriptional regulator SucR and related to fructose-1-phosphate presence, which is 
unique for growth on fructose (Engels et al., 2008; Toyoda et al., 2009). 
5.2.6 Protein adaptation during growth on mannose 
Growth on the sugar mannose resulted in a very low growth rate as well. The biomass 
yield was even lower than for glutamate and samples were taken after three days of 
cultivation. Quantitative protein analysis showed relatively stable amounts for most 
measured enzymes with a trend to reduced expression of TCA-cycle enzymes.  
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Figure 5.12: Volcano plot of relative peptide levels in C. glutamicum ATCC13032 grown exponentially 
on arabitol. Proteins were extracted from cells harvested during exponential growth and digested with trypsin. 
15
N labeled crude extract served as an internal standard. Relative peptide amounts were determined by 
targeted LC-MS peptide quantification. Peptide levels are compared to growth on glucose as the sole carbon 
source (n = 5). 
There was a mild overexpression for pyruvate dehydrogenase (PDHC), PK and PEPCx. In 
contrast, PCx, MQO and CS were reduced to approximately 50 %. Mannose is taken up 
and converted into mannose-6-phosphate by the phosphotransferase system. It is then 
converted into fructose-6-phosphate by ManA (Sasaki et al., 2011). This enzyme was 
found to be the limiting step in mannose catabolism. Since most TCA-cycle enzymes were 
found in lower amounts, while several TCA-cycle refilling enzymes were overexpressed, 
one can speculate that the limiting availability of sugar leads to a lower carbon flux in the 
TCA-cycle and stimulates appropriate regulations of the affected enzymes. 
5.2.7 Protein adaptation during growth on arabitol 
Arabitol was the only sugar-alcohol used as a carbon source in this study. In 
C. glutamicum, it enters the central carbon metabolism via the PPP. However, an 
additional screening for PPP enzymes in crude extracts of the arabitol grown cells was not 
successful. Nevertheless, there were some significant modulations of measured enzymes. 
Most notably, the two glyoxylate shunt enzymes ICL and MS were strongly reduced. 
Furthermore, a small reduction of PCx, ACN and ICD was detected and once more the 
anaplerotic enzyme PEPCk was overexpressed when compared to growth on glucose as 
the sole carbon source. Growth on arabitol was feasible and the observed growth rate 
was in good agreement with a recently published transcriptome study of arabitol 
metabolism (Laslo et al., 2012). In this study, significant transcript regulations were found 
for rbtT, mtlD, sixA, xylB, and atlR. These genes encode for enzymes involved in arabitol 
transport and conversion to xylose-5-phosphate as well as regulatory processes. 
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Figure 5.13: Color scale representation of protein adaptations in glycolysis (EMP), anaplerosis (ANA), 
tricarboxylic acid cycle (TCA), and glyoxylate shunt (GXS) in response to assayed carbon sources. 
Peptide levels were estimated using 50 µg of 
14
N sample proteins and 50 µg of 
15
N labeled internal standard, 
simultaneously digested with 1 µg trypsin in 100 µl total reaction volume. Peptides were diluted with 100 µl 
ultrapure water and filtered with 10 kDa MWCO. Mass transitions for 60 peptides and their 
15
N labeled internal 
standard were measured on a 4000QTRAP LC-MS system. Relative peptide levels were calculated from 
measured peak area ratios compared to cells grown on glucose as the sole carbon source (n = 5). 
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Surprisingly however, no significant changes of transcripts corresponding to central 
metabolic enzymes were reported. In contrast, the relative protein quantification applied 
here revealed a significant reduction of GXS enzymes. This might point to a decreased 
production of acetate as a typical overflow metabolite during growth of C. glutamicum on 
arabitol. The overexpression of PEPCk on arabitol is baffling, since conversion of the 
arabitol degradation product xylose-5-phosphate by trans-ketolase and trans-aldolase 
ends up in fructose-6-phosphate and glycerolaldehyde-3-phosphate. Thus, no 
gluconeogenetic flux through PEPCk seems to be necessary. 
5.2.8 Protein adaptation during different growth phases 
Growth of C. glutamicum ATCC13032 on glucose and acetate was investigated in more 
detail with respect to the different phases of a batch culture. For this purpose, wild type 
cells were grown in the microscale cultivation system BioLectorTM as described before. 12 
initial replicates were started for glucose (2 % w v-1) and acetate (1.2 % w v-1) conditions, 
each (figure 5.14 A). First samples (n = 4) were taken in the exponential growth phase 
again. Relative protein quantification of central metabolic enzymes reproduced the main 
results described above for growth on acetate: A strong activation of the glyoxylate shunt, 
overexpression of ACN and PEPCk as well as a significant reduction of most glycolytic 
enzymes (see chapter 5.2.1 and figure 5.14 B). A more detailed discussion of protein 
adaptations with respect to acetate metabolism can be found in the publication associated 
with this thesis (Voges & Noack, 2012). The extend of modifications was lower in this 
experiment compared to the first one. This is most probably caused by the fact that the 
glucose reference sample was taken after the cells had entered oxygen limited growth. In 
this case, cells could have produced some acetate already (Shinfuku et al., 2009). 
Further samples were taken immediately after the turning point between exponential 
growth and stationarity as well as two hours within stationary phase. Enzyme amounts 
were determined in these samples relative to the glucose exponential reference state. 
However, there were no significant changes detectable. On a close inspection, it can be 
seen that, during transition of glucose grown cells, MDH peptide amounts were increased 
by approximately 40 % while MQO peptides amounts dropped 30 %. After acetate 
depletion, the three highly over-expressed enzymes ICL, MS and ACN showed a 
reduction of peptide levels by approximately 20 %. None of these results, however, were 
statistically significant. Consequently, it can be stated that measured enzyme amounts 
remained stable upon substrate depletion and within the first two hours thereafter. 
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Figure 5.14: Relative quantification of central metabolic enzymes in C. glutamicum during different 
growth phases of batch cultures on acetate and glucose. A: C. glutamicum ATCC13032 was grown on 
2 % (w v
-1
) glucose or 1.2 % (w v
-1
) acetate in the microscale cultivation system (BioLector
TM
). At indicated 
time points, four replicates of both cultures were harvested and processed for proteome analysis. B: Color 
scale representation of peptide/ protein level adaptations measured by scheduled SRM on a 4000QTRAP LC-
MS system as described before (modified from Voges & Noack, 2012). 
 
More than 100 genes are known to be regulated in C. glutamicum cells during transition 
from glucose exponential growth to stationary phase as demonstrated by transcriptome 
analysis (Larisch et al., 2007). The majority of these genes are associated with amino 
acid, carbon and phosphor metabolism, stress response, as well as membrane 
processes. Only two significant regulations of genes coding for central metabolic enzymes 
were reported. The transcript of gabA, coding for GAPDH, was reduced to 25 %. 
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However, no quantitative assay for GAPDH could be established in this work. The second 
reported transcript, encoding for the enzyme PGK, was reduced by 50 %. This reduction 
was not observed on the protein level after glucose or acetate depletion.  
In conclusion, C. glutamicum maintains a very stable central carbon metabolism on the 
proteome level during transition and early stationary phase. This is supported by the fact 
that a substrate depleted batch culture can be reactivated almost instantaneously by 
feeding new substrate. This holds true even for cultures that have been kept in stationary 
phase for prolonged time (Paczia, 2012, page 49). 
5.2.9 Time-resolved analysis of protein response to changing C-sources 
To gain a deeper understanding of protein modulation in response to perturbation signals, 
time-resolved measurement of protein synthesis and degradation are required. For this 
purpose, glucose depleted cells were supplied with acetate or lactate as a new carbon 
source and the modulation of key enzyme amounts was monitored by their corresponding 
signature peptides. This experiment requires more sample material to provide enough 
data points over time. As such, C. glutamicum was cultivated in lab scale bioreactors. 
Cells were grown in CGXII defined medium containing 6 g l-1 glucose. After depletion of 
batch glucose, 6 g l-1 of the new substrate were added. One reactor served as a control 
and was not supplemented with additional substrate.  
For protein quantification, a reference sample of glucose depleted cells was harvested 
30 min before addition of the new substrates from the acetate or lactate reactors, 
respectively. As shown in figure 5.15 A, most metabolic activity in the control reactor 
quickly stopped after glucose depletion judged by carbon dioxide formation, which ceased 
completely within less than two hours. In contrast, both reactors supplied with new 
substrate rapidly resumed metabolic activity after the substrate pulses. Carbon dioxide 
content in the exhaust gas of the acetate culture climbs up to 1.8 % within 1.5 h. At that 
point, acetate was used up completely and metabolic activity dropped back to base level. 
After the lactate pulse, CO2 formation increased minimally slower compared to the acetate 
culture but reaches a higher maximum of >2 % after approximately two h. Interestingly, 
there was almost no increase of optical density in both cultures compared to the negative 
control in the first hour. Thereafter, an increase of the OD600 was detected, indicating new 
biomass formation, which lasted until the new substrates were depleted. Final OD600 was 
slightly higher for lactate than for acetate. This can be explained by the fact that lactate 
carries an additional partially oxidized carbon atom and hence introduces a higher energy 
content than acetate to the cells.  
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Figure 5.15: Quantification of key enzymes in C. glutamicum ATCC13032 following a change of carbon 
source. A: Cultivation of the wild type in 1 L lab-scale bioreactors on 6 g l
-1
 glucose. After depletion of glucose 
the first sample was taken and a pulse of another carbon source (6 g l
-1
 acetate or lactate) was given. Black 
arrows indicate further sampling points during adaptation of the cultures to the new conditions. B: Relative 
quantification of proteotypic peptides of PEPCk during adaptation to lactate growth (3 technical replicates). C: 
Relative quantification of peptides for ACN, ICL and MS during adaptation to growth on acetate (1-2 technical 
replicates, modified from Voges & Noack, 2012). 
  
In lactate pulsed cells, any increase of peptide levels was delayed in the first hour. 
Thereafter, newly synthesized PEPCk peptides were detected, which kept increasing for 
another hour until lactate was depleted. In contrast to the acetate induced proteins 
described below, peptide levels for PEPCk remained relatively stable after lactate 
depletion (figure 5.15 B,  supplementary tables 3).  
A general and surprising trend towards increasing amounts for all measured peptides 
during growth on lactate had been described above (chapter 5.2.1). This picture was 
reassembled after two hours of growth on lactate in the bioreactor (supplementary figure 
6). However, the extend of observed overexpressions was lower here than in the previous 
experiment where samples were taken after approximately 20 h. 
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For the key enzymes of acetate metabolism, i.e. ACN, ICL and MS, a remarkably fast 
synthesis rate was observed (figure 5.15 C, supplementary tables 4). The amount of 
signature peptides for ACN was doubled within one hour. Synthesis rates for ICL and MS 
were even higher. Approximately 20 and 10 times more signature peptides were detected 
within one hour for ICL and MS, respectively. Already 15 min after the substrate pulse, 
significantly higher peptide levels were detected for these two enzymes. Fast protein 
synthesis was detected for PEPCk as well, but data were quite noisy. There was no 
significant reduction of glycolytic enzymes within this period. 
Overexpression reached a pinnacle for all four modulated enzymes approximately 1.5 h 
after the pulse when acetate was used up again. From that point on, a rapid degradation 
of the four abundant proteins was detected. ACN and PEPCk levels almost dropped back 
to their levels before the substrate pulse. ICL and MS peptide amounts were reduced to 
approximately 50 % of their maximum level. Again, no significant changes for any 
glycolytic enzymes were detected in this final cultivation period.  
In comparison, both cultures showed quite unique responses to the substrate changes. 
Acetate and lactate pulsed cells both shared a similar lag phase of approximately one 
hour regarding biomass formation. Furthermore, cells were metabolically active in both 
cases during this lag phase but protein amounts were modulated differentially. On 
acetate, few specific key enzymes for acetate metabolism were rapidly synthesized 
immediately after the pulse. Biomass production was resumed after a certain level of 
these enzymes had been reached.  
On lactate however, synthesis of measured enzymes was stalled in the first hour. Then, a 
general overexpression of almost all monitored enzymes started with PEPCk being the 
most noticeable one. Here, biomass production started at the same time. As such, there 
might be another important target of regulation, which was not covered by the relative 
protein quantification method but plays a crucial role for lactate metabolism, e.g. the 
quinone dependent lactate dehydrogenase LldD (Stansen et al., 2005).  
In summary, these results demonstrate the potential of relative protein quantification for 
the investigation of cellular processes. The method developed in this work enables a time-
resolved measurement of protein synthesis and degradation. The time resolution of 
protein modulation achieved in this study is unmatched by recent quantitative shot gun 
approaches (Fränzel et al., 2010) due to fast analysis time and relatively low 
computational effort for data evaluation of the presented method. 
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5.3 Development of absolute protein quantification 
The method for relative protein quantification developed in this work has been 
successfully applied to investigate the adaptation of C. glutamicum to changing conditions 
at the proteome level. Moreover, it provides a basis for an absolute quantification of the 
targeted enzymes. For this purpose, the internal standard used for relative quantification 
has to be replaced by a standard peptide mixture with known concentrations of each 
analyte. In principle, this can be achieved by three different approaches:  
1) Purification of the targeted enzymes after heterologous expression in a heavy 
isotope labeled form followed by accurate quantification and tryptic digestion, also 
known as PSAQ (Protein Standards for Absolute Quantification, Brun et al., 2007). 
2) Chemical synthesis of the measured signature peptides in a heavy isotope labeled 
form and addition as standard peptides. This strategy is termed AQUA-peptides 
(Gerber et al., 2003). 
3) A hybrid approach using concatenated signature peptides which are then 
expressed as one standard protein, called QConCat or QCC (Pratt et al., 2006; 
Rivers et al., 2007). 
In the latter two cases, complete tryptic digestion is of high importance to ensure accurate 
absolute values for the targeted enzymes (Brownridge & Beynon, 2011). This is a strong 
contrast to the relative quantification, where a biological internal standard is used that 
underlies the same, possibly imperfect, digestion as the sample proteins and thus corrects 
for this effect (compare 5.1.4).  
Obviously, the PSAQ strategy is the most laborious way to achieve absolute quantitative 
standards, especially if a high number of proteins has to be quantified. Nevertheless, it 
promises the most accurate quantification results even under imperfect digestion 
conditions because the natural proteins are used. These should suffer from imperfect 
digestion to the same extend as the sample proteins resembling the situation of the 
relative quantification. For this thesis however, it would have been necessary to express, 
purify and quantify 20 C. glutamicum proteins, which would have vastly exceeded 
available resources, especially time.  
The AQUA strategy on the other hand is the least laborious way. Signature peptides are 
simply ordered by a commercial manufacturer and can be directly used for absolute 
quantification keeping in mind that complete tryptic digestion of the sample proteins is 
crucial. The disadvantage of this approach is the high initial invest for peptide synthesis. 
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At the time of this thesis, five nmol of a single peptide could be synthesized for 500 to 
1500 € depending on the peptide length. In the concrete case of the targeted enzymes in 
this thesis, an initial investment of 30,800 € + shipping etc. would have been required for 
one complete set of standards, each at a quantity of five nmol. 
In this situation, the QCC strategy provides a reasonable alternative. By connecting the 
signature peptides to one or two artificial standard proteins the effort for expression and 
purification is significantly reduced compared to the PSAQ strategy. And since DNA 
synthesis is a much better established technology than peptide synthesis, the initial invest 
is reduced to approximately 2000 €. Thus, the QCC strategy was chosen for absolute 
protein quantification in this study. 
5.3.1 Synthesis of QConCat plasmids 
Two QCCs were designed to produce absolute quantitative standards for central 
metabolic enzymes of C. glutamicum. The amino acid sequences of the signature 
peptides used for relative quantification were translated back into DNA coding sequences. 
These DNA fragments were concatenated in silico to form two coding sequences, one for 
glycolysis and anaplerosis signature peptides (EAQCC) and the other one for TCA-cycle 
and glyoxylate shunt enzymes (TGQCC). The DNA sequences were optimized for the 
codon usage and the GC content preferences of E. coli using the GeneOptimizer® 
algorithm (Fath et al., 2011). The resulting codon quality is shown in supplementary 
figure 7.  
For purification and immunological detection, a Strep-tag (WSHPQFEK) was added to the 
sequences as well as two restriction sites, XhoI and PstI, for in frame ligation to the L-
arabinose inducible expression vector pBAD-HisA. The resulting sequences were 
submitted to GeneArt (Life technologies corp., USA) where de novo gene synthesis was 
performed successfully. The coding sequences were cloned into pBAD-HisA resulting in 
the two expression vectors pBAD::EAQCC and pBAD::TGQCC (figure 5.16 A).  
Two E. coli expression host strains TOP10 and BL21 (DE3) were transformed with both 
plasmids. Transformation and stable plasmid propagation was verified by plasmid DNA 
isolation and subsequent restriction analysis using XhoI and PstI. As depicted in 
figure 5.16 B, restriction fragments of 4090 and 1033 bps as well as 4090 and 862 bps 
were found in both strains for pBAD::EAQCC and pBAD::TGQCC, respectively. Thus, 
successful transformation was ensured. Both strains were tested for QCC expression in 
LB complex medium after induction with 0.2 % L-arabinose.  
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Figure 5.16: Synthesis, cloning and expression of QConCat protein standards for absolute 
quantification of central metabolic enzymes in C. glutamicum. A: Plasmid maps of the two expression 
vectors carrying concatenated proteotypic peptides for glycolysis and anaplerosis related enzymes 
(pBAD::EA
QCC
) as well as TCA-cycle and glyoxylate shunt enzymes (pBAD::TG
QCC
). Genes are depicted as 
arrows, regulatory sequences as boxes. Commonly used single cutter restriction endonuclease sites are 
displayed. B: Gel electrophoretic analysis of restriction fragments of QConCat expression plasmids isolated 
from E. coli strains BL21 (DE3) and TOP10. Plasmids were isolated using Qiagen plasmid Mini-Kit from 
overnight cultures in LB medium with 50 µg ml
-1
 ampiciline, cut with XhoI and PstI at 37 °C for 1 h and finally 
separated in a 1 % agarose-TEA gel. M: Fermentas 1kb DNA ladder. C: Immunological detection of Strep-
tagged QConCat protein standards. QConCat expression was induced in E. coli protein expression strains 
BL21 (DE3) and TOP10 during growth on LB media with 0.2 % (w v
-1
) L-arabinose. Crude extracts were 
analyzed by SDS-PAGE. C-terminal Strep tag epitopes on target proteins were detected after Western blotting 
by antibody coupled immunostaining (anti Strep: Qiagen 34850; secondary antibody: anti mouse IgG AP 
coupled Sigma Aldrich A3562, staining with NBT/ BCIP). 
 
Proteins were extracted from cells, harvested after four hours of expression, and QCC 
were visualized after SDS-PAGE and Western blot by immunological detection of the 
added Strep-tag epitopes (figure 5.16 C). In complex medium, the strain E. coli TOP10 
showed a single signal in each QCC expression approach with a molecular weight of 
approximately 42 and 36 kDa for EAQCC and TGQCC, respectively. QCC expression in 
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E. coli BL21 (DE3) was less fruitful. Only for EAQCC a signal was detected, yet less intense 
than for TOP10.  
The results clearly indicate a successful expression of both QCCs in the strain E. coli 
TOP10 cultivated in LB medium. For absolute quantification the proteins are usually 
expressed in defined medium to allow an integration of heavy nitrogen atoms. Instead, it is 
also possible to label the sample proteins, which allows purifying the QCC standard 
proteins from non-labeled complex media. The latter strategy was chosen in this study.  
In parallel, a master thesis investigated the expression and purification of both QCC in 
defined media to allow for isotope labeling in the future (Corsten, 2012). Although the 
results of that master thesis will not be discussed in detail here, it should be noted that it is 
possible to express both QCC using strain BL21 (DE3) in Le-Masters and Richards 
medium (LeMaster & Richards, 1982) with 2 % glycerol and 0.2-1.0 % L-arabinose as 
carbon sources as well as (NH4)2SO4 as the sole nitrogen source. Purification of both 
proteins is possible from defined media cultures as well. The necessary protocols, 
developed in the work presented here, are discussed in the following. 
5.3.2 Expression and purification of QConCat protein standards 
QConCat protein standards were expressed in one liter LB medium using 1.5 l lab-scale 
bioreactors. E. coli TOP10 cells were inoculated to the reactors directly from 1 ml 
cryocultures and grew to an OD600 of 0.5 in approximately four hours. At this time point, 
the expression of QCC proteins was induced by adding 0.2 % (w v-1) L-arabinose and 
cells were cultivated for another four hours. Growth characteristics were comparable for 
both QCC expression strains (figure 5.17 A and 5.18 A).  
Dissolved oxygen (DO) and CO2 signals showed a first minor diauxic shift after three 
hours and a second major one after five hours. The pH was not regulated and showed a 
mild acidification in the beginning. The pH reaches 6.5 at the second diauxic shift and 
increases thereafter. At the end of the cultivation, pH of the medium was between 7.2 and 
7.5. Stabilization of the pH by acid and base feed had a negative effect on growth (results 
not shown).  
Harvested cells were stored at -20 °C and a small portion was assayed concerning QCC 
expression. Western blot analysis showed sufficient amounts of both proteins, however 
mainly in the insoluble fraction (results not shown). Thus, it was concluded that the 
proteins form inclusion bodies and a denaturing protocol was chosen for His-trap 
purification.  
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Figure 5.17: Expression and affinity purification of a QConCat protein standard for absolute 
quantification of glycolytic and anaplerotic enzymes of C. glutamicum (EA
QCC
). A: Cultivation of E. coli 
TOP10 pBAD_EA
QCC
 in 1 l LB medium with 50 µg ml
-1
 ampicillin in a lab-scale bioreactor at 37 °C, 1 vvm 
gassing and 400-1200 rpm. Protein expression was induced at OD600 ~0.5 with 0.2 % (w v
-1
) L-arabinose and 
cells harvested after 4 h of expression. B: Two step affinity purification of EA
QCC
. Cells were enzymatically 
disrupted, and inclusion bodies treated with 8 M urea. The Resulting crude extract was ultra-centrifuged for 
1 h at 51,500 x g prior to the first affinity bases purification on a His-trap sepharose column. Proteins were 
refolded on column by washing with urea-free buffer and eluted in one total fraction. His-purified EA
QCC
 protein 
standard was further purified by a second StrepTactin sepharose column to eliminate any remaining 
contaminations. Abbreviations: M, molecular weight marker; U, crude extract after ultra-centrifugation; F, flow 
through; W(n), wash step; E(n), elution fraction. 
 
Using 8 M urea and 1 % (v v-1) tween20, it was possible to transfer the EAQCC into the 
soluble fraction within 30 min after enzymatic lysis of E. coli TOP10 cells. The lysate was 
cleared by ultra-centrifugation and applied to a 1 ml His-trap column carrying a Ni2+-
sepharose matrix. The EAQCC bound well to the column and most contaminating proteins 
as well as the urea were eliminated by subsequent wash steps with buffer containing 40 
and 80 mM imidazole, respectively. The EAQCC was eluted with 500 mM imidazole 
(figure 5.17 B). 
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Figure 5.18: Expression and affinity purification of a QConCat protein standard for absolute 
quantification of TCA-cycle and glyoxylate shunt enzymes in C. glutamicum (TG
QCC
). A: Cultivation of 
E. coli TOP10 pBAD_TG
QCC
 in 1 l LB medium with 50 µg ml
-1
 ampicillin in a lab-scale bioreactor at 37 °C, 
1 vvm gassing and 400-1200 rpm. Protein expression was induced at OD600 ~0.5 with 0.2 % (w v
-1
) 
L-arabinose and cells harvested after 4 h of expression. B left: Two step affinity purification of EA
QCC
. Cells 
were enzymatically disrupted, and inclusion bodies treated with 8 M urea. The resulting crude extract was 
ultra-centrifuged for 1 h at 51,500 x g prior to the first affinity bases purification on a His-trap sepharose 
column. Proteins were refolded on column by washing with urea-free buffer and eluted in one total fraction. 
Attempts to further purify the His-trap elution fraction by a StrepTactin mediated affinity chromatography were 
not successful. B right: Modified protocol for TG
QCC
 purification via His-trap using detergent free buffers. Cells 
were lysed and crude extracts treated as described before. Abbreviations: M, molecular weight marker; U, 
crude extract after ultra-centrifugation; F, flow through; W(n), wash step; E(n), elution fraction. 
 
The protein solution already had a purity of approximately 80 % as quantified from the 
density of protein bands after SDS-PAGE. A second purification step was applied to 
remove the remaining contaminations and transfer the EAQCC to the same buffer used for 
crude extract preparation of C. glutamicum cells. Thereby, the EAQCC was purified 
completely and free of any detergents which would be incompatible with the later ESI-
MS/MS analysis. The purified solution E2 was used for further experiments as described 
in chapter 5.3.3. 
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The same purification workflow was applied for TGQCC (figure 5.18 B). Again, it was 
possible to resolve a sufficient amount of the protein from its inclusion bodies by treatment 
with urea and tween20, and to purify the protein to a high extent using His-trap affinity 
chromatography. However, the recovery of TGQCC was poor in the second Strep-trap 
purification step. Thus, a modified protocol was used to purify TGQCC by His-trap affinity 
chromatography alone without the addition of tween20. As seen on the right side of 
figure 5.18 B, the second wash step with 80 mM imidazole was less efficient without the 
detergent. Nevertheless, a complete purification was achieved in the second elution 
fraction (E2). This fraction was used for peptide identification by LC-MS (5.3.3) but was 
not used for quantitative studies yet. For future studies, a new wash strategy with 
incremental imidazole steps is recommended to improve wash efficiency, avoid target 
protein loss in the elution fraction E1 and reduce the imidazole concentration in the final 
standard protein solution. 
5.3.3 Application of QConCat protein standards for LC-MS analytics 
After purification of the QCC protein standards, both proteins were digested with trypsin 
and resulting signature peptides were detected by MS/MS mass spectrometry as before. 
54 out of 57 possible peptides were detected (table 5.4). The missing peptides 
PEPCx.NYL, CS.FND and MQO.YLF were the peptides which always delivered the 
weakest signals in relative quantification (supplementary tables 1-4). Furthermore, two 
peptides of FBA showed weak signal intensities. 
Missing peptides might be subjected to post-translational modification in E. coli and during 
purification, or the QCC genes might carry mutations that lead to amino acid exchanges. 
Mutations are unlikely, since the plasmids were synthesized correctly according to the 
sequencing data provided by GeneArt (results not shown). Furthermore, the applied 
expression host E. coli TOP10 is a recA1, endA1 negative strain, which should enable 
stable plasmid progression. Untargeted peptide screenings should be used in future 
experiments to test for chemically modified versions of the missing three peptides.  
Finally, a proof of concept study for absolute peptide quantification was carried out using 
the EAQCC protein (figure 5.19). For this purpose, the concentration of the purified EAQCC 
solution was measured with a modified Bradford assay suitable for low protein 
concentrations. (figure 5.19 C). Then, the QCC solution and crude extract of 
C. glutamicum ATCC13032 were separately digested with trypsin. The crude extract 
originated from cells grown on CGXII defined medium with 2 % (w v-1) glucose as the sole 
carbon source and (15NH4)2SO4 as the sole nitrogen source.  
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Table 5.4: Detection of signature peptides released from proteolytic digestion of QConCat protein 
standards. Symbols: +, peptide detected with intense signal; o, peptide detected but weak signal; -, peptide 
not detected. 
EA
QCC
 signal  TG
QCC
 signal 
PFK.WLS +  CS.VPM + 
PFK.VMI +  CS.ITY + 
PFK.AGI +  CS.FND - 
FBA.AGA o  ACN.GTN + 
FBA.IEE o  ACN.GTF + 
FBA.TID +  ACN.ILL + 
PGK.IAE +  ICD.VGN + 
PGK.IGV +  ICD.LPN + 
PGK.NFG +  ICD.VSD + 
PGM.FVP +  ODHC E1.L + 
PGM.TAN +  ODHC E1.A + 
PGM.YAD +  ODHC E1.V + 
ENO.AAA +  Fum.THL + 
ENO.AAN +  Fum.VEA + 
ENO.YNQ +  Fum.GLE + 
PK.AVG +  MQO.GLL + 
PK.GVI +  MQO.YLV - 
PK.IMD +  MQO.WIV + 
PDHC E1.LVP +  MDH.FNA + 
PDHC E1.GFL +  MDH.AIS + 
PDHC E1.GIY +  MDH.GAE + 
PEPCx.ILA +  ICL.VLI + 
PEPCx.LTS +  ICL.LAA + 
PEPCx.NYL -  ICL.INN + 
PEPCk.MAE +  MS.VLY + 
PEPCk.FLW +  MS.ISS + 
PEPCk.MGI +  MS.LAF + 
PCx.GLY +    
PCx.SAE +    
PCx.SFA +    
 
Resulting heavy labeled C. glutamicum peptides should finally be quantified using light 
peptides generated by EAQCC digestion.  
The performance of both tryptic digests was assayed using SDS-PAGE (figure 5.19 B). A 
band corresponding to the highly purified EAQCC protein standard was completely 
abolished after five hours of digestion at 42 °C with 1 µg trypsin. For the crude extract, 
most of the protein bands disappeared and a cloud of peptides with low molecular weight 
became clearly visible. However, a few protein bands seemed to be resistant to proteolytic 
digestion since they were still detectable after five hours. 
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Figure 5.19: Response factor analysis for absolute quantification of proteotypic peptides in an 
aqueous solution. A: Resulting area ratios from LC-MS measurement of 31.25 µg 
15
N peptides 
supplemented with 
14
N QConCat originated peptide standards varying from 0.7 to 85 nM final concentration. 
15
N peptides were produced by tryptic digestion of crude extracts from C. glutamicum ATCC13032 grown on 
CGXII medium with 2 % (w v
-1
) glucose and 5 g l
-1
 (
15
NH4)2SO4 as sole nitrogen source. 
14
N QConCat protein 
standard was heterologously expressed in E. coli TOP10 and purified as described before. B: Control of 
tryptic digestion of 
14
N QConCat (EA
QCC
) and 
15
N sample (CC.g.) by SDS-PAGE. C: Quantification of purified 
QConCat solution using a modified protocol for low concentration protein solutions. 100 µl of sample or 
standard were mixed with 100 µl Bradford reagent, incubated at 25 °C for 5 min and light extinction of protein-
dye complexes was measured photometrically at 595 nm. Protein concentration was calculated from the buffer 
corrected EA
QCC
 extinction value by linear regression of a BSA protein standard. 
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Consequently, the proteolytic digestion of the EAQCC protein standard was complete and 
the light signature peptides should have been released in equimolar amounts. Digestion of 
the sample proteins was widely complete as well. 
Heavy sample peptides and light QCC peptides were then mixed. The amount of heavy 
sample peptides corresponded to 31.25 µg of the original 15N crude extract proteins. On 
the other hand, QCC peptides were added in concentrations between 0.7 and 85 nM. 
Each sample was mixed in duplicates and the experiment was carried out in two 
independent sets for a low and a high concentration range at two following days. The two 
sets were overlapping at the 17 and 34 nM samples. All samples were measured by LC-
MS and the resulting heavy to light peptide area ratios were plotted against the predefined 
light peptide concentrations (figure 5.19 A).  
Most peptides showed a direct linear correlation between the concentration of peptide 
standard and the resulting peak area ratio. As described before, three standard peptides 
from EAQCC were not well detectable (FBA.IEE, FBA.AGA, PEPCx.NYL) and a fourth one, 
PCx.SAE, showed no linear correlation between 14N concentration and 14/15N 
measurement signal. For the other peptides, R² correlation factors were satisfyingly high 
(0.91-0.99) and the results were consistent over both sample sets although they were 
prepared at two following days. However, the regression lines for the individual peptides 
of a single protein did not match each other in most cases. This is a clear indication for 
different concentrations of heavy peptides in the samples, under the assumption of 
complete QCC proteolysis.  
Concentrations of individual heavy peptides N
peptide
c15  in the tryptic digested samples were 
calculated from measured heavy to light peak area ratios ( N
peptide
A15 , N
QConCat
A14 ) and the 
concentration of the light QConCat standard N
QConCat
c14  according to:  
N
QConCatN
QConCat
N
peptideN
peptide
c
A
A
c 14
14
15
15 *
 (7) 
For several proteins, the measured concentrations of single peptides indeed varied over 
one order of magnitude (table 5.5). As discussed above, SDS-PAGE analysis indicated 
complete proteolytic digest of the QConCat standard protein. However, digestion of 15N 
labeled crude extract, which served as the sample here, was not entirely complete. This 
could be one reason for the measurement of different concentrations for peptides 
originating from a single protein. Moreover, there are several other possible reasons: 
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Some peptides in the sample might, to some extent, carry post-translational modifications. 
In that case, only the native peptides would be measured, resulting in a false-too-low 
concentration result. Additionally, there might be proteins that were either being 
synthesized or already undergoing degradation at the time point of harvest. These 
proteins would have shortened polypeptide chains that might still release some signature 
peptides but not all. This would lead to false-too-high concentration estimations of the 
intact protein. In fact, it is very difficult to estimate what sources of error are leading to the 
concentration variances of peptides originating from the same protein under the tested 
conditions. 
In order to derive biologically meaningful values, the absolute peptide concentrations need 
to be transformed into biomass-specific, intracellular concentrations. Peptide 
concentrations N
peptide
c15  are converted into total protein-specific peptide amounts N
PS
c15  by 
taking the sample volume 
s
V  and the total protein mass 
tp
m  into account:  
tp
s
N
peptideN
PS
m
Vc
c
*15
15
 
(8) 
This value can, in principle, be converted into the biomass-specific peptide amount N
BS
c15  
based on a literature value α (0.55; Neidhardt et al., 1990) for the total protein content of a 
cell: 
N
PS
N
BS
cc 1515 *  (9) 
Finally, the intracellular protein concentration, N
protein
c15  was calculated from the proteins 
molecular weight MWprotein and the mean biomass-specific peptide concentration 
according to: 
protein
i
iBS
N
protein
MWcc *10*
3
1 63
1
,
15
 
(10) 
 
The sample preparation method used in this study releases only soluble cytoplasmic 
proteins and does not enable complete lysis of all cells in the sample. Lysis efficiency was 
approximately 50 % judged from CFU measurements before and after the lysis procedure 
(supplementary figure 8). Unfortunately, the measurement error of CFU detection is too 
high for quantitative use. Thus, the resulting peptide amounts could not be evaluated 
directly, based on the initial biomass of the samples.  
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Table 5.5: Absolute peptide concentrations in tryptic digested crude extract of C. glutamicum 
ATCC13032 grown on CGXII defined medium with 2 % (w v
-1
) glucose. Peptide concentrations were 
derived from peak area ratios of LC-MS measurements applying a QConCat protein standard and converted 
into biomass specific protein concentrations (refer to equations 7-10). Error propagation was done by 
application of the Gaussian law of error propagation. Symbols:  
N
peptide
c15 , mean peptide concentration in the proteolytic samples;  
N
PS
c15 , total protein-specific peptide concentration;  
N
BS
c15 , biomass-specific peptide concentration;  
MWprotein, protein molecular weight;  
N
protein
c15 , mean biomass-specific protein concentration.  
ID 
N
peptide
c15  
[nM] 
N
PS
c15  
[nmol gt_protein
-1
] 
N
BS
c15       
[nmol gCDW
-1
] 
MWprotein 
[g mol
-1
] 
N
protein
c15       
[mgprotein gCDW
-1
] 
PFK.WLS 4.7±0.8 30.4±4.9 16.7±2.7   
PFK.VMI 2.7±0.4 17.5±2.4 9.6±1.3 37090 0.5±0.1 
PFK.AGI 3.5±0.4 22.6±2.3 12.4±1.3   
FBA.AGA n.d. n.d. n.d.   
FBA.IEE n.d. n.d. n.d. 37220 2.4±0.4 
FBA.TID 17.9±3.1 114.9±19.8 63.2±10.9   
PGK.IAE 53.9±9.8 345.1±62.8 189.8±34.6   
PGK.IGV 7.8±0.8 50.1±5.4 27.5±2.9 42700 3.5±0.9 
PGK.NFG 7.7±1.1 49.5±7 27.2±3.8   
PGM.FVP 11.7±1.9 74.9±12.4 41.2±6.8   
PGM.TAN 28.2±6.6 180.4±42 99.2±23.1 27250 7.7±2.8 
PGM.YAD 200.9±45.3 1285.6±289.7 707.1±159.3   
ENO.AAA 41.6±6.9 266±43.9 146.3±24.1   
ENO.AAN 52.2±8.2 334.3±52.2 183.9±28.7 44950 8.6±2.5 
ENO.YNQ 70.2±13 449.1±83.1 247±45.7   
PK.AVG 42.7±7 273.5±44.5 150.4±24.5   
PK.GVI 16.3±2.5 104.5±16.1 57.5±8.9 51630 21.1±5.7 
PK.IMD 288.5±44 1846.5±281.4 1015.6±154.8   
PDHC E1.LVP 200.2±65.2 1281±417.3 704.6±229.5   
PDHC E1.GFL 64.6±10 413.2±64.1 227.3±35.2 102840 36.1±15.8 
PDHC E1.GIY 34.3±8.5 219.2±54.1 120.6±29.8   
PEPCx.ILA 27.6±8.3 176.9±53 97.3±29.1   
PEPCx.LTS 36.9±6.2 236.1±39.6 129.8±21.8 103210 11.7±4 
PPECx.NYL n.d. n.d. n.d.   
PEPCk.MAE 5.5±1.1 35±7.3 19.2±4   
PEPCk.FLW 11.3±3.1 72.6±19.7 39.9±10.8 66880 3.9±1.8 
PEPCk.MGI 33.3±9.8 213.1±63 117.2±34.6   
PCx.GLY 70±22 448±140.5 246.4±77.3   
PCx.SAE n.d. n.d. n.d. 123120 16.1±5.6 
PCx.SFA 4.1±0.6 26.1±3.9 14.4±2.2   
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This is a major drawback of working with sturdy, soil inhabiting prokaryotes compared to 
mammalian cells that can be broken up very efficiently as shown during the development 
of the QConCat technology (Rivers et al., 2007). Consequently, the total protein amount 
used for LC-MS measurement had to be used to calculate biomass-specific peptide and 
protein amounts in this study. 
For bacterial cells, the total protein content is approximately 55 % (w v-1; Neidhardt et al., 
1990). However, this value was determined for exponentially growing E. coli cells in a 
specific medium. As such, this literature value might be completely inappropriate for 
C. glutamicum cells growing in a different medium.  
The total amount of extracted protein can be quantified quite precisely (Bradford, 1976). 
However, these proteins do not represent the entire cellular proteome but only a fraction 
of soluble cytoplasmic proteins as explained earlier by the lysis procedure limitations. 
Thus, a direct conversion of total protein-specific peptide amounts into biomass specific 
peptide or protein amounts would also lead to false-too-high results. Indeed this is found 
here: Based on the mean values of their corresponding peptides, the 10 quantified 
proteins would already correspond to approximately 11 % of the total biomass, which is 
obviously unrealistic. As a conclusion, it will be of utmost importance to overcome these 
limitations in sample preparation. This will allow to exploit the true potential of the absolute 
quantitative standards for C. glutamicum, as it has been shown recently for the yeast 
Saccharomyces cerevisiae (Carroll et al., 2011). 
Summarizing, two QConCat proteins have been developed in this study. Both have been 
expressed in E. coli and were successfully purified by affinity chromatography. These 
highly purified protein standards should, in principle, enable absolute quantification of 
intracellular proteins based on the concentration of each signature peptide they carry. In 
fact, most desired signature peptides were detected by LC-MS after tryptic digestion of the 
purified QConCats. Furthermore, the EAQCC was successfully used for a proof of concept 
study: Absolute concentrations of 15N labeled peptides were determined in the highly 
complex background of a crude extract digested with trypsin. In addition, this study 
revealed a major challenge to derive biologically meaningful information from these 
peptide concentrations: Cell lysis and protein extraction need to be improved significantly 
in order to determine reliable absolute intracellular protein concentrations. 
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6 Conclusions 
The aim of this work was to establish a gel-free and quantitative method for protein 
analysis in C. glutamicum. The desired method should focus on the central carbon 
metabolism in order to support and extend the long term knowledge on transcriptome, 
metabolome and fluxome of C. glutamicum, which is available at IBG1: Biotechnology in 
Jülich. Thus, a fast and reliable method for relative protein quantification was established 
in the course of this thesis. The method uses triple quadrupole mass spectrometry, which 
allows a fast and accurate measurement of analytes in complex mixtures, such as 
proteolytically digested crude extracts. Proteins are quantified using unique signature 
peptides, which are measured by selected reaction monitoring. Furthermore, the use of an 
internal standard corrects for measurement errors resulting from sample preparation, 
especially tryptic digestion, and mass spectrometric measurements, e.g. matrix effects. 
The internal standard was derived from cells grown on defined medium with stable isotope 
labeling. Thus, 15N is incorporated into the proteins used as an internal standard, which 
can be differentiated by the mass spectrometer. 
A method for relative protein quantification was established and validated throughout for 
20 enzymes of the central carbon metabolism, represented by 60 signature peptides. 
During method validation, linear ranges regarding applied total peptide amounts were 
determined for each peptide. Long term stabilities were assured as well as accurate 
protein quantification in a biological system with known modulations of specific proteins. 
During long term stability tests, increasing peptide signals were found for five of the 60 
tested peptides. This effect is corrected by the internal standard and might furthermore 
point to a post-translational modification of these peptides. This hypothesis will be 
addressed in future studies. Method validation results clearly demonstrated the potential 
of this method for relative protein quantification in complex biological samples. 
The newly developed protein analysis was then applied to investigate the dynamic 
response of central carbon metabolism enzymes of C. glutamicum during changing 
cultivation conditions. Protein dynamics were assayed with respect to various different 
carbon sources as well as during adaptation from glycolytic to gluconeogenetic growth. 
Relative protein quantification during growth on defined medium with different carbon 
sources showed significant modulations of specific proteins. In general, the regulation 
patterns varied widely between the tested carbon sources. Some modulations are in good 
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agreement with known changes in the metabolism e.g. during growth on acetate. Other 
effects require further studies to investigate the physiological role of the observed 
regulations. One outstanding target of regulation was the anaplerotic enzyme PEPCk, 
which was significantly regulated on most of the tested carbon sources compared to 
glucose growth. Surprisingly, there were virtually no changes in the central carbon 
metabolism on protein level after glucose depletion in batch cultivation. In contrast, 
transcriptome studies had detected more than 100 genes regulated upon entrance to the 
transition phase including two central metabolic enzymes. From the presented results, it 
can be stated that C. glutamicum maintains a stable protein equipment after substrate 
depletion. These findings are supported by a quick revitalization of stationary phase 
cultures even after prolonged starvation. Finally, time-resolved analysis of protein 
synthesis and degradation in response to changing carbon sources revealed very fast 
responses of several key enzymes for acetate and lactate metabolism. 
In addition to its use for relative protein quantification, the developed method has the 
potential for absolute quantification as well. For this purpose, the internal 15N standard 
needs to be replaced by a labeled peptide solution with known concentrations of all 
analytes. This can be achieved by heterologous expression and purification of a standard 
consisting of signature peptides fused to an artificial protein, called QConCat. Two of 
these QConCat proteins were generated in this thesis: EAQCC for glycolysis and 
anaplerosis enzymes as well as TGQCC for TCA-cycle and glyoxylate shunt enzymes. Both 
proteins were expressed in E. coli strain TOP10 in LB medium. After purification by affinity 
chromatography, 54 out of 57 desired peptides were detected by LC-MS analysis. 
Furthermore, the expression of both proteins in defined medium was established in a 
parallel master thesis. Both proteins can be purified likewise from defined media 
cultivations as described in this work. This will allow stable isotope labeling of the 
QConCat standards in the future. Eventually, the purified light EAQCC protein standard was 
used in a proof of concept study for absolute quantification of heavy labeled peptides. The 
linear range of the analysis was found to spread over two orders of magnitude (0.7-
85 nM). Deriving intracellular protein concentrations from these values however proved to 
be challenging due to the robust nature of C. glutamicum. Hence, additional work will be 
required focusing on quantitative sample preparation, especially enabling complete and 
fast cell lysis under native conditions. 
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7 Outlook 
In order to extend the current method for relative protein quantification, more proteins 
should be added to the analysis presented here. Valid targets would be several substrate 
uptake pathways, e.g. the ack-pta operon, as well as enzymes of important amino acid 
synthesis pathways. Furthermore, the method could be improved by using nano-scale 
liquid chromatography with a compatible ion source. This might enable improved analyte 
separation, which would provide higher sensitivity and might allow the detection of 
proteins that proved to be challenging during this study, e.g. the pentose phosphate 
pathway enzymes. 
Furthermore, the established method should be combined with other omics technologies, 
especially transcriptome and metabolome measurements. As demonstrated in this study 
for C. glutamicum strains carrying citrate synthase promoter variants, the combination of 
several quantitative omics technologies can provide an in-depth picture of complex 
biological phenomena. This will be required to understand some of the regulations 
observed in this study for growth on different carbon sources. Moreover, combination with 
an untargeted approach such as transcriptomics or shot gun proteomics can minimize the 
weak point of targeted protein analysis: Any changes outside the focus will be missed 
without additional effort. 
Clearly, the final goal for targeted proteomics should be an absolute quantitative method. 
With the QConCat protein standards developed in this study a solid base has been laid. 
Thus, future experiments should target at: (i) Validation of the second protein standard 
TGQCC, which was not tested for absolute quantification yet; (ii) expression and purification 
of both QConCats in defined medium with stable isotope labeling by 15N and (iii) most 
importantly, an improved sample preparation protocol for complete cell lysis in order to 
allow intracellular protein quantification for C. glutamicum. 
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Supplementary figure 1: Serial dilutions of tryptic digested crude extracts of C. glutamicum cells. 
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Supplementary figure 2: Serial dilutions of tryptic digested crude extracts of C. glutamicum cells. 
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Supplementary figure 3: Serial dilutions of tryptic digested crude extracts of C. glutamicum cells. 
P
E
P
C
k
 
MAEDLVEAGTLIK - 695.37++ 
y = 20427x - 863.28
R
2
 = 0.9995
0
20
40
60
80
100
120
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
FLWPGFGDNSR - 648.31++
y = 50397x + 2164.4
R
2
 = 0.9974
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
MGIEALDK - 438.73++
y = 11503x + 513.89
R
2
 = 0.9983
0
10
20
30
40
50
60
70
80
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
P
C
x
 
GLYLPFESGTPGPTGR - 824.9201++
y = 5273x + 3733.1
R
2
 = 0.9998
0
5
10
15
20
25
30
35
40
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
SAEGQTYPIVFK - 670.35++
y = 10340x - 3837.1
R
2
 = 0.9994
0
10
20
30
40
50
60
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
SFASEAVR - 433.72++
y = 12240x - 387.23
R
2
 = 1
0
10
20
30
40
50
60
70
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
C
S
 
VPMLAAYAHR - 376.87+++ 
y = 25257x - 6780
R
2
 = 0.9998
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
ITYIDGDAGILR - 653.85++
y = 39674x + 315.13
R
2
 = 0.9964
0.00
0.05
0.10
0.15
0.20
0.25
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
FNDEIR - 397.1956++
y = 5266.7x + 1427.6
R
2
 = 0.983
0
5
10
15
20
25
30
35
40
45
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
3
 c
o
u
n
ts
]
A
C
N
 
GTNLLGIR - 422.26++
y = 188740x + 2519.8
R
2
 = 0.9974
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
GTFANIR - 389.71++
y = 190610x + 7257.6
R
2
 = 0.9986
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
ILLSEAK - 387.24++
y = 256500x - 7257.3
R
2
 = 0.9958
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 1 2 3 4 5
total protein on column [µg]
to
ta
l 
p
e
a
k
 a
re
a
 [
1
0
^
6
 c
o
u
n
ts
]
 
96  
Supplementary figure 4: Serial dilutions of tryptic digested crude extracts of C. glutamicum cells. 
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Supplementary figure 5: Serial dilutions of tryptic digested crude extracts of C. glutamicum cells. 
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Supplementary table 1: Peptide levels of C. glutamicum cells grown on various carbon sources. Values 
are given as relative peptide abundance ± error of relative abundance and p-value of t-test in parenthesis. The 
colors are in accordance with the color code of figure 5.13. 
ID glucose acetate gluc.+acet. lactate L-glutamate mannose L-arabitole fructose 
EMP.PFK.WLS 1±0.3 (1) 0.37±0.09 (0) 1.05±0.3 (0.75) 2.14±0.65 (0) 1.18±0.28 (0.16) 1.31±0.31 (0.03) 1.01±0.28 (0.95) 1.16±0.39 (0.41) 
EMP.PFK.VMI 1±0.58 (1) 0.4±0.19 (0.03) 1.07±0.46 (0.71) 1.84±0.79 (0.01) 1.08±0.46 (0.7) 1.4±0.67 (0.15) 1.28±0.56 (0.2) 0.98±0.48 (0.93) 
EMP.PFK.AGI 1±0.35 (1) 0.44±0.13 (0.01) 1.09±0.32 (0.54) 2.19±0.56 (0) 1.28±0.34 (0.06) 1.41±0.4 (0.03) 1.23±0.35 (0.15) 1.24±0.38 (0.18) 
EMP.FBA.AGA 1±0.38 (1) 0.73±0.37 (0.23) 1.06±0.33 (0.72) 2.41±0.65 (0) 1.51±0.53 (0.05) 1.09±0.33 (0.53) 1.05±0.31 (0.75) 1.41±0.4 (0.02) 
EMP.FBA.IEE 1±0.54 (1) 0.44±0.24 (0.04) 0.73±0.36 (0.22) 2.09±0.85 (0) 1.35±0.7 (0.27) 0.68±0.37 (0.18) 0.61±0.36 (0.11) 1.03±0.46 (0.88) 
EMP.FBA.TID 1±0.3 (1) 0.79±0.22 (0.15) 1.02±0.29 (0.91) 2.63±0.68 (0) 1.58±0.44 (0.01) 1±0.3 (1) 0.97±0.23 (0.78) 1.47±0.43 (0.03) 
EMP.PGK.IAE 1±0.21 (1) 0.38±0.09 (0) 0.7±0.17 (0.02) 1.81±0.35 (0) 0.86±0.24 (0.3) 1.49±0.31 (0.01) 0.94±0.16 (0.48) 1.48±0.33 (0.01) 
EMP.PGK.IGV 1±0.34 (1) 0.36±0.1 (0) 0.73±0.2 (0.05) 1.59±0.46 (0.01) 0.73±0.22 (0.07) 1.35±0.4 (0.07) 1±0.28 (0.99) 1.45±0.53 (0.09) 
EMP.PGK.NFG 1±0.24 (1) 0.41±0.11 (0) 0.74±0.19 (0.04) 1.83±0.4 (0) 0.97±0.23 (0.82) 1.48±0.28 (0) 0.95±0.22 (0.66) 1.46±0.4 (0.03) 
EMP.PGM.FVP 1±0.29 (1) 0.73±0.18 (0.05) 1.11±0.31 (0.47) 2.88±0.76 (0) 1.59±0.34 (0) 1.13±0.26 (0.25) 0.97±0.23 (0.78) 1.06±0.28 (0.65) 
EMP.PGM.TAN 1±0.8 (1) 0.74±0.49 (0.43) 1.25±0.85 (0.49) 2.9±1.95 (0.01) 1.42±0.84 (0.16) 1.19±0.71 (0.5) 0.91±0.53 (0.72) 1.3±0.86 (0.4) 
EMP.PGM.YAD 1±0.26 (1) 0.7±0.17 (0.03) 1.18±0.34 (0.28) 2.92±0.65 (0) 1.65±0.33 (0) 1.15±0.23 (0.15) 0.96±0.21 (0.72) 1.1±0.31 (0.53) 
EMP.ENO.AAA 1±0.31 (1) 0.55±0.14 (0.01) 0.95±0.3 (0.72) 2.44±0.6 (0) 1.08±0.29 (0.56) 1.07±0.26 (0.57) 0.96±0.25 (0.72) 1.63±0.48 (0.01) 
EMP.ENO.AAN 1±0.39 (1) 0.53±0.16 (0.02) 0.9±0.32 (0.54) 2.4±0.73 (0) 0.87±0.34 (0.48) 1.07±0.37 (0.69) 0.93±0.29 (0.62) 1.62±0.55 (0.02) 
EMP.ENO.YNQ 1±0.35 (1) 0.57±0.17 (0.02) 0.97±0.33 (0.84) 2.68±0.75 (0) 1.05±0.39 (0.8) 1.24±0.37 (0.15) 1.04±0.29 (0.74) 1.71±0.49 (0) 
EMP.PK.AVG 1±0.27 (1) 0.4±0.1 (0) 1.1±0.32 (0.53) 1.72±0.4 (0) 1.53±0.3 (0) 2±0.4 (0) 1.16±0.27 (0.22) 1.28±0.35 (0.1) 
EMP.PK.GVI 1±0.23 (1) 0.38±0.09 (0) 1.06±0.29 (0.69) 1.62±0.4 (0.01) 1.5±0.29 (0) 1.92±0.42 (0) 1.2±0.23 (0.08) 1.17±0.3 (0.27) 
EMP.PK.IMD 1±0.26 (1) 0.39±0.1 (0) 1.06±0.3 (0.68) 1.56±0.36 (0) 1.45±0.29 (0) 1.92±0.4 (0) 1.16±0.24 (0.16) 1.2±0.3 (0.18) 
ANA.PDHC E1.LVP 1±0.28 (1) 0.21±0.05 (0) 0.94±0.24 (0.63) 4.17±0.85 (0) 1.27±0.37 (0.14) 2.18±0.51 (0) 1.28±0.31 (0.05) 1.53±0.4 (0.01) 
ANA.PDHC E1.GFL 1±0.3 (1) 0.15±0.04 (0) 0.96±0.28 (0.78) 4.86±1.2 (0) 1.54±0.34 (0) 2.26±0.55 (0) 1.33±0.32 (0.03) 1.61±0.49 (0.02) 
ANA.PDHC E1.GIY 1±0.45 (1) 0.17±0.07 (0) 0.85±0.3 (0.37) 4.13±1.32 (0) 1.36±0.44 (0.04) 2.25±0.78 (0) 1.27±0.45 (0.17) 1.4±0.5 (0.06) 
ANA.PEPCx.ILA 1±0.35 (1) 0.44±0.16 (0.01) 0.78±0.23 (0.12) 1.81±0.55 (0) 1.2±0.3 (0.12) 2.2±0.64 (0) 0.97±0.26 (0.8) 1.55±0.51 (0.03) 
ANA.PEPCx.LTS 1±0.35 (1) 0.39±0.12 (0) 0.74±0.21 (0.07) 1.64±0.46 (0) 1.27±0.35 (0.08) 2.32±0.78 (0) 0.95±0.27 (0.73) 1.35±0.38 (0.04) 
ANA.PEPCx.NYL 1±0.99 (1) 0.21±0.16 (0.06) 0.69±0.51 (0.35) 1.38±1.04 (0.33) 0.37±0.41 (0.11) 0.42±0.31 (0.1) 0.8±0.9 (0.69) 0.87±0.93 (0.8) 
ANA.PEPCk.MAE 1±0.48 (1) 8.63±5.76 (0.02) 3.8±1.47 (0) 29.89±10.58 (0) 9.03±3.67 (0) 1.18±0.4 (0.26) 3.1±1.11 (0) 2.43±0.92 (0) 
ANA.PEPCk.FLW 1±0.21 (1) 7.12±1.22 (0) 3.49±0.7 (0) 31.37±7.33 (0) 6.97±1.32 (0) 1.22±0.28 (0.13) 3.12±0.54 (0) 2.74±0.59 (0) 
ANA.PEPCk.MGI 1±0.69 (1) 5.94±3.13 (0) 3.98±2.14 (0) 28.34±14.42 (0) 9.76±5.41 (0) 1.59±0.82 (0.06) 3.28±1.79 (0) 2.36±1.35 (0.01) 
ANA.PCx.GLY 1±0.45 (1) 0.23±0.09 (0) 0.74±0.26 (0.13) 4.89±1.79 (0) 0.29±0.11 (0) 0.5±0.18 (0.01) 0.54±0.19 (0.02) 1±0.4 (0.98) 
ANA.PCx.SAE 1±0.47 (1) 0.23±0.1 (0) 0.86±0.36 (0.46) 5.06±1.82 (0) 0.38±0.14 (0) 0.52±0.22 (0.02) 0.67±0.27 (0.09) 1.1±0.4 (0.57) 
ANA.PCx.SFA 1±0.42 (1) 0.19±0.07 (0) 0.84±0.29 (0.34) 5.04±1.65 (0) 0.32±0.1 (0) 0.52±0.16 (0.01) 0.63±0.21 (0.03) 1±0.38 (0.98) 
TCA.CS.VPM 1±0.3 (1) 1.23±0.36 (0.21) 1.17±0.42 (0.41) 7.89±2.11 (0) 0.44±0.12 (0) 0.45±0.11 (0) 0.82±0.22 (0.15) 1.05±0.33 (0.75) 
TCA.CS.ITY 1±0.37 (1) 1.13±0.31 (0.38) 1.02±0.33 (0.91) 6.22±1.76 (0) 0.41±0.12 (0) 0.38±0.11 (0) 0.78±0.24 (0.14) 0.87±0.29 (0.42) 
TCA.CS.FND 1±0.28 (1) 0.59±0.19 (0.02) 0.83±0.22 (0.18) 1.93±0.45 (0) 0.68±0.42 (0.18) 0.56±0.15 (0) 0.98±0.53 (0.94) 1.08±0.66 (0.81) 
TCA.ACN.GTN 1±0.35 (1) 1.97±0.57 (0) 1.43±0.41 (0.03) 3.86±1.07 (0) 1.85±0.47 (0) 1.25±0.34 (0.09) 0.61±0.17 (0.01) 0.92±0.29 (0.58) 
TCA.ACN.GTF 1±0.29 (1) 2.02±0.49 (0) 1.55±0.46 (0.02) 4.04±0.97 (0) 1.96±0.45 (0) 1.26±0.29 (0.05) 0.61±0.16 (0.01) 0.97±0.28 (0.83) 
TCA.ACN.ILL 1±0.33 (1) 1.96±0.51 (0) 1.41±0.44 (0.06) 4.44±1.22 (0) 1.93±0.5 (0) 1.25±0.32 (0.09) 0.6±0.16 (0.01) 0.93±0.26 (0.58) 
TCA.ICD.VGN 1±0.16 (1) 0.77±0.2 (0.07) 0.68±0.2 (0.02) 2.34±0.56 (0) 0.61±0.22 (0.01) 0.58±0.17 (0) 0.68±0.12 (0) 0.98±0.21 (0.85) 
TCA.ICD.LPN 1±0.64 (1) 0.98±0.57 (0.95) 0.74±0.42 (0.3) 2.3±1.08 (0) 0.8±0.43 (0.42) 0.68±0.35 (0.18) 0.61±0.33 (0.12) 1.07±0.55 (0.79) 
TCA.ICD.VSD 1±0.28 (1) 0.68±0.16 (0.03) 0.78±0.21 (0.1) 2.77±0.72 (0) 0.69±0.17 (0.02) 0.63±0.14 (0) 0.69±0.17 (0.02) 1.14±0.33 (0.39) 
TCA.ODHC E1.LMF 1±0.31 (1) 0.63±0.16 (0.02) 1.12±0.32 (0.42) 3.77±0.99 (0) 1.5±0.34 (0) 0.85±0.2 (0.17) 0.89±0.22 (0.36) 1.03±0.31 (0.87) 
TCA.ODHC E1.ALV 1±0.45 (1) 0.81±0.35 (0.38) 1.02±0.39 (0.92) 3.37±1.2 (0) 0.97±0.5 (0.9) 0.63±0.24 (0.05) 0.83±0.27 (0.27) 0.82±0.33 (0.33) 
TCA.ODHC E1.VML 1±0.32 (1) 0.71±0.19 (0.06) 1.19±0.33 (0.23) 4.05±1.05 (0) 1.56±0.41 (0.01) 0.82±0.19 (0.12) 0.93±0.28 (0.62) 1.06±0.35 (0.73) 
TCA.Fum.THL 1±0.33 (1) 1.53±0.42 (0.02) 1.43±0.43 (0.04) 5.49±1.52 (0) 1.95±0.47 (0) 0.71±0.18 (0.03) 0.85±0.25 (0.27) 0.97±0.29 (0.86) 
TCA.Fum.VEA 1±0.24 (1) 1.51±0.31 (0.01) 1.39±0.33 (0.02) 5.33±1.1 (0) 1.88±0.33 (0) 0.7±0.14 (0.01) 0.89±0.18 (0.25) 0.96±0.26 (0.74) 
TCA.Fum.GLE 1±0.34 (1) 1.44±0.4 (0.03) 1.39±0.44 (0.07) 5.07±1.37 (0) 1.81±0.44 (0) 0.66±0.16 (0.02) 0.8±0.23 (0.15) 0.89±0.26 (0.42) 
TCA.MQO.GLL 1±0.5 (1) 1.04±0.43 (0.85) 1.07±0.42 (0.73) 3.96±1.63 (0) 0.37±0.18 (0.03) 0.33±0.16 (0) 0.77±0.33 (0.25) 0.77±0.34 (0.25) 
TCA.MQO.YLV 1±1.98 (1) 0.65±1.25 (0.7) 0.1±0.16 (0.18) 0.75±1.68 (0.82) 7.71±13.42 (0.21) 3.05±5.93 (0.45) 1.06±2.34 (0.96) 1.91±4.13 (0.67) 
TCA.MQO.WIV 1±0.39 (1) 1.78±0.59 (0.01) 1.29±0.47 (0.19) 5.23±1.65 (0) 0.58±0.23 (0.03) 0.51±0.19 (0.01) 1.07±0.35 (0.64) 0.9±0.37 (0.6) 
TCA.MDH.FNA 1±0.24 (1) 0.66±0.14 (0.01) 1.32±0.35 (0.08) 3.48±0.75 (0) 2.31±0.43 (0) 1.6±0.33 (0) 0.99±0.23 (0.93) 1.18±0.3 (0.22) 
TCA.MDH.AIS 1±0.26 (1) 0.64±0.15 (0.01) 1.32±0.36 (0.08) 3.46±0.75 (0) 2.12±0.4 (0) 1.56±0.31 (0) 1.04±0.26 (0.74) 1.24±0.31 (0.11) 
TCA.MDH.GAE 1±0.2 (1) 0.69±0.12 (0.01) 1.28±0.34 (0.12) 3.69±0.77 (0) 2.28±0.33 (0) 1.71±0.27 (0) 1±0.21 (0.97) 1.2±0.29 (0.19) 
GXS.ICL.VLI 1±0.16 (1) 93.39±15.61 (0) 39.11±9.65 (0) 14.99±2.65 (0) 1.63±0.19 (0) 0.68±0.12 (0) 0.16±0.02 (0) 0.12±0.06 (0) 
GXS.ICL.LAA 1±0.31 (1) 89.73±23.89 (0) 35.98±10.54 (0) 13.39±3.36 (0) 1.43±0.33 (0.01) 0.68±0.21 (0.04) 0.15±0.05 (0) 0.12±0.07 (0) 
GXS.ICL.INN 1±0.28 (1) 92.8±23.23 (0) 36.85±11.52 (0) 14.49±3.48 (0) 1.55±0.37 (0.01) 0.62±0.13 (0) 0.19±0.04 (0) 0.12±0.04 (0) 
GXS.MS.VLY 1±0.27 (1) 28.81±6.87 (0) 10.32±3.03 (0) 10.2±2.42 (0) 1.61±0.34 (0) 1.13±0.22 (0.18) 0.36±0.1 (0) 0.34±0.12 (0) 
GXS.MS.ISS 1±0.43 (1) 33.59±12.14 (0) 10.87±3.72 (0) 10.81±3.52 (0) 1.98±0.79 (0.01) 1.25±0.53 (0.31) 0.48±0.21 (0.01) 0.43±0.29 (0.02) 
GXS.MS.LAF 1±0.28 (1) 20.11±5.71 (0) 6.65±2.06 (0) 7.16±1.71 (0) 1.81±0.87 (0.14) 1.14±0.32 (0.41) 0.35±0.14 (0) 0.49±0.24 (0.03) 
UPT.LDH.GST 1±0.39 (1) 0.29±0.09 (0) 0.75±0.27 (0.14) 2.25±0.69 (0) 0.97±0.28 (0.84) 1.31±0.4 (0.08) 1.49±0.42 (0.01) 4.63±1.62 (0) 
UPT.LDH.VIG 1±0.32 (1) 0.3±0.08 (0) 0.62±0.17 (0.01) 1.18±0.35 (0.27) 0.46±0.23 (0.01) 0.84±0.26 (0.27) 1.4±0.42 (0.05) 3.29±1.11 (0) 
UPT.LDH.FSG 1±0.91 (1) 0.28±0.19 (0.07) 0.56±0.4 (0.18) 1.09±0.81 (0.81) 0.64±0.43 (0.32) 0.73±0.5 (0.39) 1.06±0.72 (0.85) 3.19±2.36 (0.01) 
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Supplementary table 2: Peptide levels of C. glutamicum cells during different growth phases on 
glucose and acetate. Values are given as relative peptide abundance ± error of relative abundance and p-
value of t-test in parenthesis. Colors are in accordance with the color code of figure 5.13. 
ID G(t1)/G(t1) G(t1)/G(t2) G(t1)/G(t3) G(t1)/A(t1) G(t1)/A(t2) G(t1)/A(t3) 
PFK.WLS 1±0.01 (1) 1.07±0.04 (0.03) 1.21±0.1 (0.01) 0.53±0.06 (0) 0.48±0.06 (0) 0.52±0.02 (0) 
PFK.VMI 1±0.31 (1) 1.06±0.3 (0.7) 0.96±0.25 (0.76) 0.67±0.3 (0.14) 0.64±0.25 (0.08) 0.8±0.25 (0.28) 
PFK.AGI 1±0.3 (1) 1.73±0.44 (0.01) 1.84±0.41 (0) 0.6±0.16 (0.02) 0.76±0.16 (0.07) 0.79±0.24 (0.26) 
FBA.AGA 1±0.14 (1) 0.92±0.13 (0.32) 1.01±0.16 (0.89) 0.89±0.12 (0.15) 0.98±0.18 (0.84) 0.99±0.1 (0.86) 
FBA.IEE 1±0.4 (1) 0.95±0.35 (0.8) 0.99±0.37 (0.96) 1.3±0.64 (0.42) 1.08±0.5 (0.8) 0.87±0.28 (0.5) 
FBA.TID 1±0.24 (1) 1.01±0.22 (0.92) 1.23±0.31 (0.21) 1.17±0.25 (0.23) 1.02±0.27 (0.92) 1.16±0.21 (0.22) 
PGK.IAE 1±0.09 (1) 1.16±0.13 (0.07) 1.12±0.11 (0.09) 0.73±0.06 (0) 0.72±0.11 (0.01) 0.72±0.07 (0) 
PGK.IGV 1±0.08 (1) 1.07±0.13 (0.35) 1.08±0.1 (0.23) 0.73±0.06 (0) 0.7±0.17 (0.03) 0.8±0.21 (0.17) 
PGK.NFG 1±0.05 (1) 1.17±0.08 (0.01) 1.19±0.09 (0.01) 0.7±0.03 (0) 0.7±0.07 (0) 0.75±0.06 (0) 
PGM.FVP 1±0.06 (1) 1.01±0.08 (0.88) 1.11±0.13 (0.19) 0.69±0.06 (0) 0.64±0.07 (0) 0.67±0.07 (0) 
PGM.TAN 1±0.27 (1) 1.16±0.28 (0.3) 1.26±0.3 (0.12) 0.68±0.17 (0.04) 0.69±0.17 (0.04) 0.72±0.15 (0.07) 
PGM.YAD 1±0.08 (1) 1.01±0.07 (0.86) 1.05±0.09 (0.36) 0.7±0.06 (0) 0.65±0.09 (0) 0.64±0.06 (0) 
ENO.AAA 1±0.06 (1) 1.04±0.08 (0.38) 1.1±0.08 (0.09) 0.72±0.04 (0) 0.75±0.09 (0) 0.74±0.04 (0) 
ENO.AAN 1±0.15 (1) 1±0.12 (0.99) 1.02±0.14 (0.8) 0.66±0.11 (0) 0.68±0.12 (0.01) 0.64±0.07 (0) 
ENO.YNQ 1±0.17 (1) 0.95±0.12 (0.46) 1.03±0.14 (0.73) 0.68±0.09 (0) 0.72±0.13 (0.02) 0.7±0.09 (0.01) 
PK.AVG 1±0.07 (1) 0.84±0.07 (0.01) 0.85±0.07 (0.01) 0.55±0.04 (0) 0.53±0.06 (0) 0.53±0.04 (0) 
PK.GVI 1±0.18 (1) 1.01±0.25 (0.94) 0.94±0.16 (0.5) 0.6±0.09 (0) 0.62±0.16 (0.01) 0.56±0.07 (0) 
PK.IMD 1±0.07 (1) 0.87±0.12 (0.13) 0.82±0.24 (0.27) 0.43±0.05 (0) 0.44±0.1 (0) 0.59±0.24 (0.04) 
PDHC E1.LVP 1±0.33 (1) 0.93±0.23 (0.6) 1.05±0.27 (0.71) 0.33±0.08 (0) 0.37±0.09 (0) 0.44±0.11 (0.01) 
PDHC E1.GFL 1±0.06 (1) 1.15±0.09 (0.03) 1.21±0.09 (0.01) 0.42±0.03 (0) 0.4±0.03 (0) 0.48±0.03 (0) 
PDHC E1.GIY 1±0.12 (1) 1.01±0.09 (0.77) 1.06±0.14 (0.44) 0.38±0.07 (0) 0.38±0.06 (0) 0.45±0.04 (0) 
PEPCx.LTS 1±0.22 (1) 0.89±0.16 (0.28) 1±0.19 (0.96) 0.7±0.18 (0.04) 0.69±0.12 (0.01) 0.63±0.1 (0.02) 
PEPCx.LTS n.q. n.q. n.q. n.q. n.q. n.q. 
PEPCx.NYL n.q. n.q. n.q. n.q. n.q. n.q. 
PEPCk.MAE 1±0.16 (1) 1.13±0.18 (0.23) 1.24±0.17 (0.03) 2.13±0.5 (0.01) 2.29±0.59 (0.01) 2.05±0.26 (0) 
PEPCk.FLW 1±0.06 (1) 1.47±0.09 (0) 1.65±0.18 (0) 2.96±0.25 (0) 3.03±0.25 (0) 2.71±0.16 (0) 
PEPCk.MGI 1±0.55 (1) 1.38±0.54 (0.11) 1.49±0.58 (0.05) 2.82±1.28 (0.01) 2.55±1.24 (0.02) 2.87±1.32 (0.02) 
PCx.GLY 1±0.15 (1) 0.72±0.11 (0.01) 0.79±0.13 (0.05) 0.47±0.1 (0) 0.41±0.07 (0) 0.43±0.06 (0) 
PCx.SAE 1±0.11 (1) 0.84±0.16 (0.15) 0.99±0.19 (0.93) 0.54±0.05 (0) 0.53±0.09 (0) 0.5±0.04 (0) 
PCx.SFA 1±0.07 (1) 0.79±0.08 (0.01) 0.84±0.07 (0.01) 0.49±0.06 (0) 0.45±0.07 (0) 0.49±0.03 (0) 
CS.VPM 1±0.06 (1) 1.01±0.07 (0.75) 1.02±0.1 (0.77) 1.44±0.12 (0) 1.33±0.18 (0.03) 1.28±0.12 (0.01) 
CS.ITY 1±0.07 (1) 1.04±0.08 (0.37) 1.1±0.09 (0.1) 1.45±0.1 (0) 1.41±0.11 (0) 1.45±0.09 (0) 
CS.FND 1±1.75 (1) 1.23±1.55 (0.73) 2.33±2.99 (0.14) 2.47±3.12 (0.09) 2.49±3.36 (0.19) 3.39±4.27 (0.04) 
ACN.GTN 1±0.09 (1) 1±0.08 (0.92) 1.08±0.1 (0.17) 2.99±0.27 (0) 2.47±0.23 (0) 2.32±0.14 (0) 
ACN.GTF 1±0.07 (1) 0.94±0.07 (0.2) 1.08±0.09 (0.16) 2.83±0.31 (0) 2.38±0.28 (0) 2.26±0.14 (0) 
ACN.ILL 1±0.03 (1) 0.96±0.08 (0.4) 1.1±0.06 (0.02) 2.79±0.25 (0) 2.49±0.28 (0) 2.21±0.06 (0) 
ICD.VGN 1±0.22 (1) 1.35±0.24 (0.02) 1.26±0.21 (0.03) 1.35±0.28 (0.05) 1.32±0.26 (0.05) 1.38±0.47 (0.22) 
ICD.LPN 1±0.34 (1) 1.41±0.4 (0.07) 1.58±0.38 (0.01) 1.25±0.52 (0.4) 1.52±0.49 (0.07) 1.37±0.4 (0.13) 
ICD.VSD 1±0.1 (1) 1.01±0.09 (0.78) 1.04±0.11 (0.5) 1.04±0.09 (0.42) 1.03±0.14 (0.75) 1.02±0.13 (0.77) 
ODHC E1.L 1±0.02 (1) 0.81±0.04 (0) 0.87±0.04 (0) 1.17±0.04 (0) 1.15±0.14 (0.12) 1.12±0.06 (0.03) 
ODHC E1.A 1±0.2 (1) 0.77±0.16 (0.07) 0.88±0.16 (0.22) 1.18±0.33 (0.36) 1.19±0.23 (0.15) 1.13±0.23 (0.35) 
ODHC E1.V 1±0.27 (1) 0.75±0.15 (0.05) 0.81±0.17 (0.11) 1.12±0.25 (0.35) 1.09±0.23 (0.41) 1.02±0.21 (0.89) 
Fum.THL 1±0.09 (1) 1.12±0.08 (0.03) 1.19±0.09 (0.01) 1.71±0.12 (0) 1.55±0.19 (0) 1.53±0.11 (0) 
Fum.VEA 1±0.03 (1) 1.15±0.06 (0.01) 1.16±0.1 (0.04) 1.5±0.22 (0.01) 1.56±0.21 (0.01) 1.54±0.09 (0) 
Fum.GLE 1±0.06 (1) 1.14±0.07 (0.02) 1.15±0.07 (0.01) 1.67±0.08 (0) 1.55±0.14 (0) 1.55±0.07 (0) 
MQO.GLL 1±0.01 (1) 0.81±0.09 (0.01) 0.8±0.13 (0.05) 1.45±0.22 (0.02) 1.44±0.21 (0.02) 1.23±0.16 (0.07) 
MQO.WIV 1±0.4 (1) 0.57±0.19 (0.03) 0.63±0.19 (0.05) 1.27±0.37 (0.13) 0.96±0.29 (0.78) 1.01±0.34 (0.97) 
MQO.WIV n.q. n.q. n.q. n.q. n.q. n.q. 
MDH.FNA 1±0.11 (1) 1.27±0.13 (0.01) 1.42±0.21 (0.01) 0.86±0.12 (0.12) 0.98±0.11 (0.81) 1.02±0.11 (0.78) 
MDH.AIS 1±0.05 (1) 1.28±0.07 (0) 1.38±0.09 (0) 0.97±0.09 (0.59) 0.99±0.12 (0.93) 1.03±0.06 (0.53) 
MDH.GAE 1±0.08 (1) 1.3±0.09 (0) 1.44±0.11 (0) 0.99±0.08 (0.84) 1.05±0.08 (0.26) 1.13±0.08 (0.04) 
ICL.VLI 1±0.04 (1) 0.84±0.04 (0) 0.94±0.09 (0.36) 51.07±2.3 (0) 44.1±4.34 (0) 41.82±1.76 (0) 
ICL.LAA 1±0.15 (1) 1±0.2 (1) 0.95±0.17 (0.62) 45.94±5.16 (0) 39.4±5.84 (0) 37±4.11 (0) 
ICL.INN 1±0.05 (1) 0.82±0.06 (0) 0.95±0.13 (0.55) 50.68±2.49 (0) 43.79±4.18 (0) 41.63±2 (0) 
MS.VLY 1±0.08 (1) 0.92±0.11 (0.23) 0.9±0.07 (0.07) 19.92±1.42 (0) 17.13±2.08 (0) 15.96±1.24 (0) 
MS.ISS 1±0.13 (1) 0.83±0.1 (0.03) 0.89±0.16 (0.28) 18.3±2.14 (0) 15.1±2.12 (0) 15.02±1.89 (0) 
MS.LAF 1±0.59 (1) 0.55±0.24 (0.08) 0.87±0.38 (0.58) 14.46±6.14 (0) 12.39±6.16 (0) 11.33±4.75 (0) 
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Supplementary table 3: Peptide levels of glucose depleted C. glutamicum cells during adaption to 
lactate. Values are given as relative peptide abundance ± error of relative abundance and p-value of t-test in 
parenthesis. Colors are in accordance with the color code of figure 5.13. 
ID -0.5 h 0.25 h 0.5 h 1 h 1.5 h 2 h 3 h 5 h 
PFK.WLS 1±0.06 (1) 0.97±0.13 (0.59) 1.05±0.1 (0.26) 0.97±0.1 (0.49) 1.05±0.1 (0.24) 1.08±0.06 (0.01) 0.99±0.09 (0.69) 0.96±0.07 (0.17) 
PFK.VMI 1±0.07 (1) 1.05±0.11 (0.28) 1.02±0.15 (0.71) 1.08±0.11 (0.11) 1.1±0.17 (0.17) 1.1±0.14 (0.09) 0.95±0.08 (0.21) 1.05±0.1 (0.25) 
PFK.AGI 1±0.17 (1) 0.95±0.16 (0.43) 0.92±0.15 (0.22) 0.98±0.15 (0.72) 1.04±0.17 (0.58) 1.03±0.15 (0.63) 0.97±0.14 (0.57) 0.94±0.12 (0.24) 
FBA.AGA 1±0.12 (1) 1.06±0.14 (0.31) 1.04±0.16 (0.56) 1.02±0.14 (0.69) 1.06±0.11 (0.22) 1.1±0.11 (0.04) 1.05±0.11 (0.23) 1.1±0.13 (0.08) 
FBA.IEE 1±0.43 (1) 1.01±0.4 (0.96) 1.35±0.84 (0.3) 1±0.36 (0.99) 1.32±0.61 (0.19) 1.23±0.64 (0.37) 0.95±0.35 (0.76) 1.09±0.58 (0.7) 
FBA.TID 1±0.12 (1) 1.04±0.12 (0.46) 1.03±0.11 (0.48) 1.07±0.14 (0.24) 1.11±0.15 (0.08) 1.15±0.16 (0.03) 1.07±0.12 (0.17) 1.1±0.15 (0.13) 
PGK.IAE 1±0.09 (1) 0.94±0.12 (0.27) 1.02±0.14 (0.74) 1.07±0.14 (0.27) 1.07±0.18 (0.4) 1.08±0.08 (0.04) 1.03±0.11 (0.57) 1.06±0.13 (0.25) 
PGK.IGV 1±0.05 (1) 0.99±0.19 (0.87) 0.92±0.08 (0.04) 0.94±0.13 (0.33) 1.01±0.13 (0.85) 1.16±0.13 (0.01) 0.99±0.05 (0.56) 1.03±0.1 (0.41) 
PGK.NFG 1±0.09 (1) 1±0.13 (0.98) 0.95±0.16 (0.49) 0.98±0.11 (0.68) 1.02±0.09 (0.55) 1.08±0.15 (0.23) 0.94±0.11 (0.22) 0.98±0.06 (0.5) 
PGM.FVP 1±0.08 (1) 0.99±0.12 (0.8) 0.97±0.09 (0.44) 0.99±0.12 (0.79) 1.03±0.09 (0.5) 1.04±0.14 (0.47) 0.98±0.09 (0.62) 0.97±0.08 (0.33) 
PGM.TAN 1±0.22 (1) 1.11±0.21 (0.2) 1.12±0.28 (0.3) 1.17±0.25 (0.1) 1.05±0.31 (0.68) 1.13±0.24 (0.18) 1.07±0.23 (0.44) 1.03±0.19 (0.69) 
PGM.YAD 1±0.14 (1) 1.07±0.17 (0.3) 1.04±0.14 (0.53) 1.05±0.15 (0.44) 1.04±0.15 (0.49) 1.14±0.16 (0.05) 1.03±0.12 (0.5) 1.06±0.14 (0.32) 
ENO.AAA 1±0.05 (1) 1.05±0.1 (0.28) 1±0.07 (0.86) 0.99±0.09 (0.82) 1.05±0.06 (0.07) 1.1±0.1 (0.04) 1.01±0.05 (0.58) 1.03±0.07 (0.38) 
ENO.AAN 1±0.07 (1) 1.01±0.11 (0.89) 1±0.09 (0.93) 1±0.09 (0.97) 1.08±0.08 (0.02) 1.15±0.11 (0) 1.03±0.06 (0.29) 1.04±0.08 (0.27) 
ENO.YNQ 1±0.11 (1) 1.07±0.14 (0.25) 1.05±0.15 (0.41) 1.06±0.13 (0.25) 1.11±0.11 (0.02) 1.18±0.11 (0) 1.09±0.1 (0.04) 1.1±0.1 (0.03) 
PK.AVG 1±0.06 (1) 0.98±0.11 (0.69) 0.99±0.07 (0.65) 0.99±0.1 (0.88) 1±0.09 (0.94) 1±0.12 (0.99) 0.89±0.06 (0) 0.91±0.06 (0.01) 
PK.GVI 1±0.07 (1) 0.98±0.11 (0.65) 1.01±0.11 (0.91) 1.01±0.09 (0.73) 1.03±0.1 (0.55) 1.01±0.14 (0.88) 0.93±0.08 (0.05) 0.91±0.08 (0.02) 
PK.IMD 1±0.05 (1) 0.99±0.07 (0.71) 0.97±0.09 (0.38) 0.97±0.11 (0.52) 1±0.1 (0.97) 0.98±0.1 (0.55) 0.88±0.05 (0) 0.89±0.05 (0) 
PDHC E1.LVP 1±0.03 (1) 0.96±0.12 (0.47) 0.94±0.1 (0.2) 1.09±0.13 (0.13) 1.16±0.14 (0.02) 1.27±0.08 (0) 1.3±0.19 (0) 1.2±0.1 (0) 
PDHC E1.GFL 1±0.09 (1) 1.06±0.15 (0.38) 1.05±0.14 (0.43) 1.16±0.15 (0.03) 1.21±0.1 (0) 1.4±0.19 (0) 1.37±0.14 (0) 1.3±0.12 (0) 
PDHC E1.GIY 1±0.03 (1) 1.06±0.12 (0.26) 1.12±0.11 (0.02) 1.08±0.12 (0.13) 1.26±0.12 (0) 1.32±0.08 (0) 1.33±0.05 (0) 1.35±0.06 (0) 
PEPCx.ILA 1±0.09 (1) 0.95±0.11 (0.28) 0.97±0.09 (0.39) 0.97±0.08 (0.4) 1.02±0.1 (0.71) 1.03±0.11 (0.53) 0.98±0.09 (0.52) 0.95±0.06 (0.13) 
PEPCx.LTS 1±0.25 (1) 0.95±0.23 (0.65) 0.99±0.21 (0.94) 0.88±0.18 (0.19) 1.02±0.2 (0.83) 1±0.27 (0.99) 0.95±0.2 (0.55) 0.91±0.22 (0.36) 
PEPCx.NYL 1±0.72 (1) 2.48±1.63 (0.01) 3.5±2.33 (0) 2.74±2.07 (0.02) 5.96±5.98 (0.04) 2±1.38 (0.04) 3.57±2.95 (0.02) 2.25±1.33 (0) 
PEPCk.MAE 1±0.21 (1) 1.01±0.24 (0.94) 1.05±0.23 (0.59) 1.6±0.28 (0) 2.3±0.56 (0) 2.89±0.55 (0) 2.73±0.47 (0) 2.68±0.59 (0) 
PEPCk.FLW 1±0.13 (1) 1.09±0.19 (0.28) 1.11±0.13 (0.05) 1.35±0.16 (0) 2.12±0.33 (0) 3.09±0.53 (0) 3.12±0.38 (0) 2.89±0.32 (0) 
PEPCk.MGI 1±0.31 (1) 0.79±0.2 (0.06) 0.84±0.23 (0.16) 0.99±0.24 (0.92) 1.76±0.54 (0) 2.33±0.65 (0) 2.41±0.61 (0) 2.27±0.57 (0) 
PCx.GLY 1±0.05 (1) 0.99±0.09 (0.86) 1.02±0.11 (0.62) 1.01±0.08 (0.79) 1.19±0.12 (0) 1.15±0.13 (0.02) 1.11±0.09 (0.01) 1.11±0.15 (0.1) 
PCx.SAE 1±0.1 (1) 1.11±0.17 (0.13) 1.05±0.18 (0.52) 1.1±0.12 (0.05) 1.23±0.28 (0.07) 1.37±0.18 (0) 1.28±0.15 (0) 1.24±0.16 (0) 
PCx.SFA 1±0.11 (1) 1±0.12 (0.93) 0.96±0.12 (0.41) 0.99±0.14 (0.81) 1.06±0.1 (0.14) 1.15±0.18 (0.06) 1.09±0.11 (0.06) 1.16±0.13 (0.01) 
CS.VPM 1±0.06 (1) 1.02±0.12 (0.63) 1.02±0.1 (0.58) 1±0.16 (0.96) 1.09±0.09 (0.04) 1.13±0.12 (0.02) 1.04±0.08 (0.26) 1.01±0.06 (0.55) 
CS.ITY 1±0.07 (1) 1.05±0.1 (0.24) 1.02±0.12 (0.7) 1.01±0.13 (0.85) 1.07±0.12 (0.21) 1.11±0.13 (0.06) 1.05±0.1 (0.26) 1.05±0.09 (0.19) 
CS.FND 1±0.64 (1) 0.93±0.54 (0.75) 1.16±0.55 (0.43) 1.19±0.56 (0.35) 1.3±0.62 (0.16) 1.17±0.58 (0.44) 1.06±0.51 (0.76) 1.05±0.5 (0.82) 
ACN.GTN 1±0.09 (1) 1.06±0.12 (0.26) 1.06±0.12 (0.25) 1.12±0.13 (0.04) 1.23±0.15 (0) 1.44±0.13 (0) 1.4±0.11 (0) 1.44±0.12 (0) 
ACN.GTF 1±0.05 (1) 1.04±0.11 (0.37) 1.08±0.1 (0.07) 1.13±0.09 (0.01) 1.27±0.1 (0) 1.46±0.14 (0) 1.39±0.1 (0) 1.41±0.08 (0) 
ACN.ILL 1±0.07 (1) 1.09±0.1 (0.03) 1.09±0.1 (0.04) 1.14±0.1 (0) 1.31±0.12 (0) 1.46±0.11 (0) 1.51±0.11 (0) 1.46±0.11 (0) 
ICD.VGN 1±0.16 (1) 0.95±0.13 (0.35) 1.11±0.25 (0.29) 0.98±0.16 (0.73) 0.99±0.18 (0.9) 0.98±0.13 (0.77) 0.9±0.13 (0.11) 0.91±0.12 (0.12) 
ICD.LPN 1±0.18 (1) 1.03±0.23 (0.76) 0.92±0.23 (0.44) 1.09±0.2 (0.29) 1.09±0.26 (0.4) 1.5±1.25 (0.35) 1±0.18 (0.97) 1.17±0.68 (0.55) 
ICD.VSD 1±0.04 (1) 1.03±0.11 (0.44) 0.97±0.07 (0.28) 0.99±0.08 (0.78) 1.02±0.09 (0.57) 1.02±0.07 (0.49) 0.88±0.05 (0) 0.95±0.05 (0.03) 
ODHC E1.LMF 1±0.1 (1) 1.03±0.11 (0.49) 0.98±0.09 (0.62) 0.98±0.12 (0.63) 1±0.12 (0.99) 1.02±0.11 (0.61) 0.98±0.09 (0.68) 0.94±0.08 (0.13) 
ODHC E1.ALV 1±0.2 (1) 1.04±0.22 (0.67) 0.93±0.16 (0.33) 1.08±0.17 (0.27) 1.03±0.23 (0.77) 1.02±0.18 (0.82) 0.98±0.18 (0.8) 1.06±0.21 (0.48) 
ODHC E1.VML 1±0.06 (1) 0.99±0.1 (0.79) 0.92±0.09 (0.05) 0.93±0.09 (0.09) 0.99±0.11 (0.8) 1.02±0.13 (0.68) 0.91±0.09 (0.03) 0.93±0.08 (0.05) 
Fum.THL 1±0.05 (1) 0.97±0.1 (0.47) 0.97±0.07 (0.38) 1.02±0.09 (0.58) 1.09±0.1 (0.04) 1.21±0.1 (0) 1.15±0.08 (0) 1.15±0.06 (0) 
Fum.VEA 1±0.04 (1) 0.99±0.07 (0.82) 0.95±0.1 (0.27) 0.96±0.1 (0.29) 1.05±0.12 (0.34) 1.15±0.12 (0.01) 1.02±0.09 (0.52) 1.07±0.1 (0.1) 
Fum.GLE 1±0.04 (1) 0.98±0.12 (0.72) 0.94±0.06 (0.05) 1±0.04 (0.85) 1.08±0.08 (0.03) 1.19±0.12 (0) 1.12±0.05 (0) 1.16±0.06 (0) 
MQO.GLL 1±0.28 (1) 0.96±0.24 (0.72) 0.89±0.2 (0.26) 1.07±0.36 (0.61) 1.19±0.31 (0.13) 1.04±0.27 (0.72) 1.06±0.27 (0.57) 0.97±0.23 (0.78) 
MQO.YLV 1±0.78 (1) 0.67±0.66 (0.32) 1.35±1.38 (0.52) 0.65±0.62 (0.29) 1.51±1.38 (0.34) 1.76±2.29 (0.41) 3.61±6.73 (0.35) 1.77±2.58 (0.46) 
MQO.WIV 1±0.21 (1) 1.05±0.23 (0.59) 1.05±0.24 (0.63) 1.03±0.18 (0.71) 1.06±0.22 (0.54) 1.19±0.21 (0.03) 1.04±0.19 (0.64) 1.02±0.18 (0.8) 
MDH.FNA 1±0.08 (1) 1.08±0.18 (0.29) 1.1±0.08 (0.01) 1.11±0.1 (0.01) 1.27±0.13 (0) 1.41±0.16 (0) 1.35±0.21 (0) 1.43±0.11 (0) 
MDH.AIS 1±0.03 (1) 1.05±0.11 (0.29) 1.07±0.06 (0.03) 1.11±0.09 (0.01) 1.24±0.08 (0) 1.42±0.17 (0) 1.38±0.05 (0) 1.43±0.05 (0) 
MDH.GAE 1±0.08 (1) 1.07±0.13 (0.21) 1.1±0.12 (0.06) 1.12±0.11 (0.02) 1.2±0.1 (0) 1.46±0.18 (0) 1.4±0.09 (0) 1.47±0.09 (0) 
ICL.VLI 1±0.1 (1) 1.06±0.14 (0.29) 1.12±0.15 (0.07) 1.2±0.13 (0) 1.37±0.19 (0) 1.61±0.2 (0) 1.54±0.14 (0) 1.56±0.17 (0) 
ICL.LAA 1±0.14 (1) 1.09±0.16 (0.2) 1.11±0.14 (0.06) 1.15±0.19 (0.07) 1.27±0.17 (0) 1.58±0.2 (0) 1.57±0.18 (0) 1.48±0.16 (0) 
ICL.INN 1±0.04 (1) 1.05±0.11 (0.3) 1.15±0.09 (0) 1.19±0.09 (0) 1.43±0.11 (0) 1.53±0.18 (0) 1.54±0.08 (0) 1.55±0.15 (0) 
MS.VLY 1±0.08 (1) 1.07±0.21 (0.46) 1.15±0.09 (0) 1.25±0.16 (0) 1.5±0.13 (0) 1.72±0.16 (0) 1.66±0.14 (0) 1.68±0.14 (0) 
MS.ISS 1±0.22 (1) 1±0.2 (0.99) 1.04±0.2 (0.65) 1.19±0.3 (0.13) 1.37±0.27 (0) 1.52±0.29 (0) 1.51±0.28 (0) 1.62±0.34 (0) 
MS.LAF 1±0.29 (1) 1.1±0.42 (0.58) 1.16±0.43 (0.37) 1.36±0.3 (0) 1.37±0.52 (0.09) 1.77±0.58 (0) 1.47±0.43 (0.01) 1.73±0.54 (0) 
LDH.GST 1±0.1 (1) 1.29±0.26 (0.02) 1.24±0.27 (0.05) 1.36±0.16 (0) 1.71±0.3 (0) 1.7±0.19 (0) 1.61±0.14 (0) 1.59±0.15 (0) 
LDH.VIG 1±0.44 (1) 1.03±0.35 (0.83) 1.09±0.37 (0.52) 1.23±0.4 (0.12) 1.41±0.57 (0.06) 1.42±0.49 (0.02) 1.51±0.55 (0.01) 1.43±0.49 (0.02) 
LDH.FSG 1±0.42 (1) 1.14±0.44 (0.43) 1.19±0.37 (0.18) 1.4±0.44 (0.01) 1.29±0.43 (0.07) 1.42±0.45 (0.01) 1.58±0.55 (0.01) 1.68±0.54 (0) 
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Supplementary table 4: Peptide levels of glucose depleted C. glutamicum cells during adaption to 
acetate. Values are given as relative peptide abundance ± error of relative abundance and p-value of t-test. 
Colors are in accordance with the color code of figure 5.13. 
ID -0.5 h 0.25 h 0.5 h 1.0 h 1.5 h 2.0 h 3.0 h 5.0 h 
PFK.WLS 1±0.58 1.45±0.66 1.49±0.72 1.21±0.55 1.31±n.d. 1.29±n.d. 1.06±n.d. 0.64±n.d. 
PFK.VMI 1±0.61 1.93±1.78 3.33±3.91 1.84±1.15 1.56±n.d. 2.37±n.d. 3.11±n.d. 1.61±n.d. 
PFK.AGI 1±0.45 2.94±2.45 3.76±3.15 2.75±0.88 3.18±n.d. 2.28±n.d. 2.28±n.d. 1.79±n.d. 
FBA.AGA 1±0.77 1.58±0.86 1.56±0.86 1.5±0.89 1.8±n.d. 1.86±n.d. 1.32±n.d. 1.05±n.d. 
FBA.IEE 1±0.6 0.46±0.2 1.75±1.48 0.78±0.35 1.77±n.d. 1.34±n.d. 1.56±n.d. 0.66±n.d. 
FBA.TID 1±0.33 1.19±0.34 2.72±0.97 1.62±0.53 2.06±n.d. 2.1±n.d. 1.55±n.d. 1.34±n.d. 
PGK.IAE 1±0.19 0.83±0.13 1.14±0.21 0.93±0.23 1.31±n.d. 1.14±n.d. 0.97±n.d. 0.6±n.d. 
PGK.IGV 1±0.31 1.17±0.27 2.1±0.85 1.59±0.38 1.81±n.d. 1.8±n.d. 1.52±n.d. 1.18±n.d. 
PGK.NFG 1±0.3 1.62±0.44 2.12±0.53 1.48±0.46 2.71±n.d. 2.36±n.d. 1.8±n.d. 1.1±n.d. 
PGM.FVP 1±0.31 1.4±0.39 1.65±0.37 1.59±0.35 2.09±n.d. 1.83±n.d. 1.57±n.d. 1.04±n.d. 
PGM.TAN 1±0.06 0.67±0.74 2.3±1.5 2.47±0.1 1.48±n.d. 2.75±n.d. 2.2±n.d. 1.94±n.d. 
PGM.YAD 1±0.41 1.3±0.47 1.95±0.58 1.59±0.5 2.3±n.d. 1.85±n.d. 1.66±n.d. 1.08±n.d. 
ENO.AAA 1±0.1 1.38±0.16 1.42±0.1 1.28±0.09 1.62±n.d. 1.28±n.d. 1.12±n.d. 0.73±n.d. 
ENO.AAN 1±0.19 1.32±0.19 1.38±0.24 1.15±0.18 1.38±n.d. 1.1±n.d. 1.2±n.d. 0.78±n.d. 
ENO.YNQ 1±0.24 1.51±0.27 1.41±0.24 1.19±0.21 1.6±n.d. 1.24±n.d. 1.29±n.d. 0.76±n.d. 
PK.AVG 1±0.28 1.34±0.29 1.47±0.3 1.27±0.25 1.58±n.d. 1.24±n.d. 1.1±n.d. 0.74±n.d. 
PK.GVI 1±0.67 1.58±1.06 1.44±0.7 1.43±0.68 1.57±n.d. 1.48±n.d. 1.27±n.d. 0.88±n.d. 
PK.IMD 1±0.05 1.27±0.47 1.56±0.32 1.38±0.09 1.39±n.d. 1.22±n.d. 1.07±n.d. 0.82±n.d. 
PDHC E1.LVP 1±0.8 1.83±1.5 0.85±0.48 1.06±0.6 1.04±n.d. 1.29±n.d. 0.8±n.d. 0.76±n.d. 
PDHC E1.GFL 1±0.33 1.22±0.32 1.44±0.36 1.22±0.29 1.4±n.d. 1.24±n.d. 0.85±n.d. 0.61±n.d. 
PDHC E1.GIY 1±0.66 1.14±0.65 1.62±0.79 1.61±0.77 1.9±n.d. 1.38±n.d. 1.26±n.d. 0.88±n.d. 
PEPCx.ILA 1±0.16 1.2±0.17 2.18±0.71 1.54±0.28 2.32±n.d. 1.64±n.d. 1.28±n.d. 1.02±n.d. 
PEPCx.LTS 1±0.05 1.3±0.1 1.87±0.09 1.76±0.27 1.69±n.d. 1.55±n.d. 1.35±n.d. 1.31±n.d. 
PEPCx.NYL 1±0.62 0.89±1.04 2.23±3.11 1.15±0.51 1±n.d. 0.48±n.d. 0.54±n.d. 0.71±n.d. 
PEPCk.MAE 1±0.46 2.36±0.82 2.39±0.87 2.05±0.71 4.42±n.d. 4.18±n.d. 2.92±n.d. 2.58±n.d. 
PEPCk.FLW 1±0.73 1.16±0.66 1.6±0.87 1.82±1.1 2.6±n.d. 2.47±n.d. 1.96±n.d. 1.45±n.d. 
PEPCk.MGI 1±0.3 1.73±0.53 1.77±0.39 1.85±0.73 2.65±n.d. 4.6±n.d. 2.11±n.d. 1.75±n.d. 
PCx.GLY 1±0.17 0.98±0.33 1.22±0.15 1.31±0.21 2.09±n.d. 1.21±n.d. 1.05±n.d. 0.9±n.d. 
PCx.SAE 1±0.28 1.54±0.74 1.57±0.42 1.64±0.32 1.59±n.d. 1.04±n.d. 1.25±n.d. 0.92±n.d. 
PCx.SFA 1±0.34 1.31±0.49 1.61±0.39 1.31±0.32 1.31±n.d. 1.23±n.d. 1.05±n.d. 0.89±n.d. 
CS.VPM 1±0.64 1.58±0.78 1.66±0.75 1.54±0.7 2±n.d. 1.89±n.d. 1.98±n.d. 1.04±n.d. 
CS.ITY 1±0.32 1.25±0.3 1.63±0.38 1.26±0.28 1.95±n.d. 1.84±n.d. 1.67±n.d. 1.11±n.d. 
CS.FND n.q. n.q. n.q. n.q. n.q. n.q. n.q. n.q. 
ACN.GTN 1±0.44 1.3±0.47 1.7±0.53 2.04±0.7 3.29±n.d. 2.87±n.d. 2.55±n.d. 1.49±n.d. 
ACN.GTF 1±0.32 1.55±0.36 1.94±0.45 2.07±0.47 3.72±n.d. 3.27±n.d. 3.08±n.d. 1.68±n.d. 
ACN.ILL 1±0.26 1.44±0.32 1.56±0.29 2.05±0.38 3.13±n.d. 2.91±n.d. 2.67±n.d. 1.43±n.d. 
ICD.VGN 1±1.21 1.33±1.15 0.54±0.76 1.21±1.16 1.68±n.d. 2.1±n.d. 1.23±n.d. 0.83±n.d. 
ICD.LPN 1±0.75 1.66±1.19 1.94±1.22 1.71±1.11 2.18±n.d. 1.69±n.d. 1.78±n.d. 1.15±n.d. 
ICD.VSD 1±0.38 1.48±0.42 1.49±0.4 1.28±0.34 1.76±n.d. 1.35±n.d. 1.32±n.d. 0.85±n.d. 
ODHC E1.LMF 1±0.32 1.47±0.34 1.8±0.42 1.69±0.39 1.92±n.d. 1.55±n.d. 1.44±n.d. 0.83±n.d. 
ODHC E1.ALV 1±1.02 1.55±1.37 5.03±3.96 1.69±1.22 2.2±n.d. 2.4±n.d. 1.71±n.d. 1.22±n.d. 
ODHC E1.VML 1±0.89 1.84±1.34 1.77±1.12 1.43±0.91 1.19±n.d. 2.18±n.d. 1.8±n.d. 0.91±n.d. 
Fum.THL 1±0.26 1.44±0.27 1.64±0.33 1.48±0.3 1.86±n.d. 1.67±n.d. 1.53±n.d. 0.85±n.d. 
Fum.VEA 1±0.17 0.96±0.22 1.47±0.18 1.42±0.25 1.04±n.d. 1.6±n.d. 1.64±n.d. 1.11±n.d. 
Fum.GLE 1±0.4 1.52±0.49 1.68±0.48 1.46±0.42 1.98±n.d. 1.7±n.d. 1.58±n.d. 0.92±n.d. 
MQO.GLL 1±0.35 1.9±0.54 0.88±0.23 0.9±0.43 2.45±n.d. 2.09±n.d. 1.93±n.d. 0.77±n.d. 
MQO.YLV 1±1.56 23.53±32.34 8.64±13.13 11.73±18.2 45.98±n.d. 14.71±n.d. 0.55±n.d. 20.65±n.d. 
MQO.WIV 1±1.22 1.39±1.62 0.85±0.73 0.85±1.25 1.65±n.d. 0.8±n.d. 1.17±n.d. 0.58±n.d. 
MDH.FNA 1±0.55 1.68±0.7 1.94±0.89 1.81±0.72 2.43±n.d. 2.05±n.d. 1.82±n.d. 1.19±n.d. 
MDH.AIS 1±0.47 1.49±0.52 1.77±0.6 1.6±0.54 2.51±n.d. 2.15±n.d. 1.74±n.d. 1.11±n.d. 
MDH.GAE 1±0.01 1.88±0.32 1.69±0.55 1.74±0.42 3.01±n.d. 2.35±n.d. 2.15±n.d. 1.49±n.d. 
ICL.VLI 1±0.33 4.7±1.17 11.03±2.58 17.93±4.13 36.99±n.d. 37.31±n.d. 32.52±n.d. 22.52±n.d. 
ICL.LAA 1±0.17 4.59±0.7 11.65±1.44 17.48±2.61 35.64±n.d. 38.79±n.d. 35.54±n.d. 23±n.d. 
ICL.INN 1±0.25 5.18±1.11 12.02±2.2 19.75±4.15 37.96±n.d. 38.13±n.d. 35.4±n.d. 23.6±n.d. 
MS.VLY 1±0.25 3.25±0.69 6.97±1.35 10.41±1.87 14.66±n.d. 13.24±n.d. 11.79±n.d. 7.94±n.d. 
MS.ISS 1±0.07 3.78±0.82 5.38±0.86 9.53±1.68 14.72±n.d. 11.1±n.d. 10.74±n.d. 5.68±n.d. 
MS.LAF n.q. n.q. n.q. n.q. n.q. n.q. n.q. n.q. 
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Supplementary figure 6: Peptide levels of glucose depleted C. glutamicum cells two hours after lactate 
pulse. Volcano plot of relative peptide levels. C. glutamicum ATCC13032 was grown for 2 h on lactate. 
Proteins were extracted from cells with trypsin. 
15
N labeled crude extract served as an internal standard. 
Relative peptide amounts were determined by targeted LC-MS peptide quantification. Peptide levels are 
compared to state of growth on glucose 30 min before lactate pulse (n = 3). 
 
Supplementary figure 7: Analysis of QCC genes after DNA sequence optimization for expression in 
E. coli. Gene sequences are depicted regarding codon preference of E. coli (top) and GC content (bottom) 
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Supplementary figure 8: Efficiency of different cell lysis protocols for C. glutamicum under native 
conditions. A: CFU numbers before and after different lysis procedures. B: Quantification of extracted 
proteins per biomass. 
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